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ABSTRACT 
. S i n t e r e d i r o n and s t e e l components a re f requen t ly 
sub jec ted t o p o s t - s i n t e r i n g t r e a t m e n t s l i k e steam oxida-
t i o n wi th a view t o s e a l a t l e a s t t h e sur face pores and 
make i t wear and c o r r o s i o n r e s i s t a n t due t o a t h i n , t e n a -
ceous and adheren t b l u i s h oxide l a y e r . / There i s no 
r epo r t ed work i n t h e l i t e r a t u r e on t h e e f f e c t s of a l l oy ing 
elements except Cu on steam t r e a t m e n t of s i n t e r e d i r o n and 
s t e e l . The main ob j ec t i ve of the p r e s e n t work i s t o s tudy 
/ the i n f luence of v a r i o u s a l l o y i n g elements on the steam 
ox ida t i on behaviour of i r o n and s t e e l s con t a in ing va r ious 
pe rcen t ages of phosphorus . \ F u r t h e r , ' s o m e of the a l l o y i n g 
elements e . g . copper , phosphorus and molybdenum a r e capable 
of caus ing a p p r e c i a b l e age-hardening i n f e r r i t e . Fo r tuna t e ly , 
t he age-hardening t empera tu re r e q u i r e d due t o t h e presence 
of t h e above a l l o y i n g elements i s around t h e steam ox ida t ion 
t empera tu re of s i n t e r e d i r o n and s t e e l s . Thus, t h e twin 
funct ion of age-hardening and steam ox ida t ion i s p o s s i b l e 
i n a s i n g l e ope ra t ion improving hardness and wear r e s i s t a n c e 
of s i n t e r e d f e r r o u s components. Fu r the r , phosphorus, 
because of l i q u i d phase s i n t e r i n g and f e r r i t e s t a b i l i z a t i o n 
s p h e r o i d i z e s the pores and reduces the amount of i n t e r -
connected p o r o s i t y y i e l d i n g Fe-P s i n t e r e d compacts a t a 
d e n s i t y of more than 7 .2 Mg m a p o t e n t i a l a l l o y fo r 
making gas t i g h t components. Thus, the p r e s e n t work i s 
a sys temat ic i n v e s t i g a t i o n of e f f e c t of a l l o y i n g elements 
on steam ox ida t ion of P -con ta in ing i r o n . The premixes 
which have been s t u d i e d i n t h i s i n v e s t i g a t i o n a r e as 
fol lows : 
PNC30 - 1 t o 4 % Cu or 1 t o 4 % MCM 
PNC45 - 1 t o 4 % Cu or 1 t o 4 % MCM 
PNC60 - 1 t o 4 % Cu or 1 t o 4 % MCM 
Fe-P (0 t o 0.6 wt. %) 
PNC30-Mo ( 1 - 4 wt. %) 
PNC60-MO (1 -4 wt. %) 
PNC60-Ni (2 and 4 wt.%) - Cu ( 1 and 4 wt. %) 
PNC45-MO (1 and 2 wt. %) - Cu (1 and 4 wt. %) 
PNC6O-M0 (2 and 4 wt. %) - Cu (1 and 4 wt. %) 
PNC60-MCM (2 and 4 wt. %) - Cu ( l and 4 wt.0^) 
Fe-P ( 0 . 3 and 0 .8 %) 
PASC30-0.3 and 0.6 % C - 1 and 2 % Cu 
PASC30-0.3 and 0.6 % C - 1 and 2 % Ni 
PASC30-0.3 and 0.6 % C - 1 and 2 '/. Mo 
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PASC30-0.3 and 0.6 °/ c - 1 and 2 •/, MCM 
PASC30-0.3 and 0.6 % C - 1 and 2 % MVM 
PASC80-0.3 and 0.6 % C - 1 and 2 % Cu 
PASC80-0.3 and 0.6 "/. C - 1 and 2 °/> Ni 
PASC80-0.3 and 0.6 % C - 1 and 2 "/, Mo 
PASC80-0.3 and 0.6 % C - 1 and 2 % MCM 
PASC80-0.3 and 0 .6 % C - 1 and 2 '/. MVM 
PNC i s phosphorus-conta in ing i r o n based on normal compre-
s s i b i l i t y sponge i r o n powder grade NC100.24 whi le PASC i s 
P -con ta in ing i r o n based on super c o m p r e s s i b i l i t y atomized 
i r o n grade ASC100.29. Content of P i s expressed i n hund-
r e d t h of pe rcen tage e . g . PNC30 means c o n t a i n i n g 0 .3 % P 
and so on. 
Various premixes were made by mannual mixing for 1 
hour us ing small amount of ace tone as medium. No l u b r i c a n t 
was added dur ing mixing. In case of PNC based powder 
premixes , green compacts were made i n a s i n g l e a c t i o n 
compression machine a t a p r e s s u r e of 600 MPa whi le those 
based on PASC powders, MPIF (Metal Powder I n d u s t r i e s Fede-
r a t i o n ) s tandard t e n s i l e t e s t b a r s were made a t 691 MPa 
p r e s s u r e . Green dimensions and weight of a l l specimens were 
measured and green d e n s i t y was c a l c u l a t e d . 
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Green compacts made from NC100.24 and PNC based 
powders were sintered at 1120°C for 30 minutes in hydrogen 
atmosphere (dew point 233 K) in the Globar tubular furnace. 
MPIF test pieces made from PASC based powders werei 
sintered in Pusher type industrial furnace at 1120°C for 
30 minutes in cracked ammonia atmosphere (dew point 240 K). 
Sintered density, densification parameter, lateral 
and axial linear dimensional change percentages, sintered 
hardness were determined and tensile testing was carried out. 
Scanning electron fractography of surfaces of fractured ten-
sile test pieces was determined. 
For PNC based sintered powder compacts, steam treat-
ment was carried out at 500°C for times varying between 5 
and 120 minutes. For PASC powder compacts, steam treatment 
was carried out at 450, 500, 527, 550 and 600°C, for times 
varying between 45 to 120 minutes. 
After steam treatment, samples were weighed and dimen-
sions were measured. Weight gain per unit area of oxidized 
surface was determined. Weight gain and hardness versus 
treatment times for different composition of the alloys are 
plotted. Metallographic studies of oxidized plus non-
oxidized layers were carried out. Scanning electron picture 
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at the transition region between scale and matrix was 
taken. X-ray diffraction studies of the steam oxidized 
samples were carried out. 
in case of PNC-Cu sintered compacts weight gain and 
hardness increased with increase in steam oxidation time 
upto 30 minutes after which it remained constant. With 
increasing copper content oxidation resistance was less. 
Phosphorus increased the oxidation resistance and acted as 
a barrier for diffusion of oxygen by reducing the amount of 
interconnected porosity and spheroidizing the pores due to 
liquid and the a-phase sintering. Increase in hardness was 
attributed to combined action of magnetite formation and 
precipitation hardening. 
In case of PNC-MCM sintered compact, weight gain 
increased with increasing steam oxidation period upto 60 
minutes while hardness increased with increased treatment 
time upto 90 minutes after which it either remained constant 
or marginally increased. Increasing MCM content increased 
porosity making the alloy less oxidation resistant. Phos-
phorus again reduced the amount of interconnected porosity 
at the sintering stage and decreased oxidation. The impro-
vement in hardness was considered to be due to oxidation of 
iron and other easily oxidizable alloying elements. 
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In case of PNC-Ni/Mo/MCM-Cu, sintered compacts, 
increase in hardness and weight gain upon steam oxidation 
was general ly similar to those observed in case of PNC-Cu 
system. However, weight gain increased in the order Mo -
Ni - MCM system while hardness in the order Ni - Mo - MCM. 
This was a t t r i bu ted to higher hardness due t o oxides of 
al loying elements in MCM and more p rec ip i t a t i on hardening 
effect in case of Mo- containing compacts. Microhardness 
values showed that increase in hardness was mainly due to 
effect of oxidation but marginally due to age-hardening 
effect of Cu, Mo and P. X-ray d i f f rac t ion studies showed 
tha t major const i tuents in oxide were Fe*0^ and P, Mo or 
Cu did not oxidize a t the temperature of 500°C for times 
of oxidation used. 
Sinter ing of PASC-C-X (where X stands for 1-2 /. Cu, 
Ni, Mo, MCM or MVM) compacts s in tered under dissocia ted 
ammonia a t 1120 C for 30 minutes shows tha t addit ion or 
increase in P- content general ly , improved dens i f ica t ion 
and mechanical proper t ies of s in te red t e s t p ieces . However, 
presence of carbon changed the ro le of al loying elements on 
s intered proper t ies of PASC premixes. For example C in 
PASC-CU premixes decreased growth while in PASC-Ni premixes 
decreased shrinkage upon s in te r ing which was a t t r i bu ted to 
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effect of C in affecting solubility and dihedral angle. 
Improvement in tensile properties of Cu- containing 
compacts was better than those of others. Other alloying 
elements were found to be of almost equal value in affecting 
mechanical properties of PASC based sintered steels. Higher 
amount of phosphorus was more effective in enhancing ulti-
mate tensile and yield strengths and ductility of MCM,MVM, 
and Ni- containing sintered test pieces than those of the 
remaining two systems which was explained on the basis of 
effectiveness of liquid phase sintering in such systems. 
In general, shrinkage or growth of the specimens 
was anisotropic but reasonably low and it was possible to 
achieve a UTS, YS and El '/. values of 330-650 MPa, 200-450 
MPa and 3 to 12 % respectively depending upon the alloy 
systems and specific composition. 
Improvement in strength properties are due to solid 
solution hardening effect, formation of pearlitic phase due 
to C and modification of pore morphology due to a- and 
liquid phase sintering. 
In case of sintered PASC-C-X compacts, gain in weight 
upon steam oxidation was generally lower which was reasoned 
to be partly due to higher sintered density due to higher 
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compaction pressure and also due to higher compressibility 
of atomized powders, but mainly due to smoother and regular 
morphology of atomized powders which persisted in sintered 
structures. Gain in hardness after steam treatment of 
PASC- based sintered compact was generally higher which was 
attributed to larger contribution due to precipitation 
hardening effect and/or transformation products because 
of larger amount of elements retained in solid solution 
due to faster rate of cooling employed in industrial 
furnaces. 
Increase in oxidation period generally increased 
hardness and weight gain upto generally 45-60 minutes which 
was dependent upon alloy systems and its specific composi-
tion and steam treatment temperature. 
Out of the various alloy systems used for steam 
oxidation in the PASC- based systems, weight gain was Mo -
Ni - Cu - MVM - MCM systems in increasing order. Hardness 
benefit was Ni - Cu - Mo - MVM - MCM in the increasing order. 
Sharpness and definition of oxide decreased in the order 
Mo - Cu - Ni - MCM - MVM. The optimum steam oxidation 
temperature in respect of hardness benefit, sharpness and 
definition of oxide layer, appears to be generally 527°C 
with occasional variation to 500 or 550°C. Generally, 
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saturation time required from consideration of weight 
gain and maximum hardness achieved, decreased with increase 
in steam oxidation temperature. Kinetic curves for all 
systems studied were parabolic in nature and was attribu-
ted to be mainly due to dense and non-porous magnetite as 
the main constituent in oxide. Precipitation hardening 
was found to be effective mainly in case of Mo- and Cu-
containing compacts and this phenomena appeared to increase 
with increase in temperature. This was explained as reten-
tion of these elements into solid solution and probable 
consequent precipitation as hard phases at the temperature 
of steam treatment used. The higher hardness of MCM and 
MVM containing compacts was attributed to transformation 
hardening and hard oxides of alloying elements. The sligh-
tly lower hardness of MVM-containing compacts as compared 
to MCM- containing compacts was probably due to loss of 
vanadium forming oxides. 
Carbon was generally found to be ineffective in 
forming oxides and giving any contribution to hardness upon 
steam treatment. However, in case of MCM- and MVM-
containing compacts, higher carbon content generally 
increased steam treated hardness which was attributed to 
contribution due to transformation products. 
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It is concluded that it is possible to seal the 
surface pores of PASC-C-X sintered compacts by steam 
oxidation at a temperature of 450-600°C for short time 
of 45 to 60 minutes and the optimum results being obtai-
ned at around 527 +. 25°C. 
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C H A P T E R 1 
REVIEW OF LITERATURE 
1.1 INTRODUCTION 
Steam oxidation as a surface f in ishing technique 
has been in use for many years t o Improve the appearance 
of small mechanical components produced from s t e e l or 
cas t i ron and to improve t h e i r r e s i s t ance to wear and 
corrosion. Examples of components which are steam 
t r ea t ed are gears , cams, chains , p in ions , compressor p a r t s , 
bear ings , pu l leys , sprockets e t c . Typical ly, a l l ex t e r io r 
surfaces reac t t o form a very th in skin (2.5 t o 5 um) of 
oxide. 
These days, the re i s considerable i n t e r e s t i n 
Powder Metallurgy (PM) as a manufacturing technique for 
fabr ica t ion of small s t r uc tu r a l components. The techno-
logy has shown the highest r a t e of growth during the l a s t 
th ree decades, i . e . 6-7 *A on an average in the world. 
This i s mainly due t o ( i ) saving in mater ia l and machining 
cos t , ( i i ) high product iv i ty method yielding products 
exactly or very c lose t o f ina l dimensions requir ing very 
l i t t l e or no machining afterwards, ( i i i ) simple and automated 
method of manufacture and ( iv ) i t s being energe t ica l ly 
favourable process . 
(1) 
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However, conventional PM products are less hard 
and strong as compared to their wrought or cast counter-
parts having identical chemistry. This is due to inherent 
porosity (10-25 */) present in them which may be isolated 
or interconnected. The interconnected porosity in PM 
parts may constitute upto 97 'I* of the pores or voids in 
the part. Thus, PM parts require some type of treatment 
to seal, at least the surface pores particularly for corr-
osion resistance. Various methods of closing the pores 
are as follow : 
1.1.1 Alloy infiltration 
In this method, a low melting alloy slug is placed 
on the part which is then put through the sintering fur-
nace at a temperature which is above the melting point 
of the alloy. The molten alloy then wicks through the 
part, effectively sealing off the porosity. This process 
greatly increases the strength of the part and improves 
machinability. 
1.1.2 Wax impregnation 
This is a less common method of sealing, primarily 
because it is difficult to get rid of surplus wax on the 
surface and because use of the part at elevated temperatures 
can cause the wax to melt. 
3 
1.1.3 Plastic Impregnation 
This Is presently the most prevalent method used 
for sealing PH parts. It is usually applied under vacuum 
and uses relatively fast curing resins. Unless there are 
unusual cracks or very large voids in the part, resin 
impregnation will seal against high pressure of hydrogen 
as well as hydraulic pressure. 
1.1.4 Steam treatment 
This is possibly the least expensive method of 
sealing pores. When sintered ferrous components are 
exposed to steam at elevated temperature, a layer of 
oxide upto 3 pa thick forms on all exterior surfaces and 
also within the interconnected pore net work to an extent 
which is dependent on the steam treatment conditions (1). 
Following advantages have been claimed for steam treat-
ment of sintered ferrous parts : 
(i) Magnetic iron oxide formed improves wear resistance 
of the surface to abrasive wear during service. 
The oxide formed within the pore network provides 
wear resistance (2,3) after surface layer is 
wornout. 
(ii) The oxide layer formed is extremely adherent (4,3) 
k 
and is less prone to defects such as cracks and 
blisters than oxide coating formed in air. 
(iii) Compressive strength of the part increases (3). 
(iv) The oxide layer becomes impermeable at thickness 
of about 5 pm (6) and resistance to rusting of 
treated component is improved. The danger of 
local corrosion cells being created within pores 
is reduced. 
(v) In case of high density sintered parts, surface 
pores can be completely closed. Impregnation and 
consequent entrapment of electrolyte during subse-
quent electroplating operations is prevented but 
conductivity remains sufficiently high for direct 
plating to be carried out. When surface pores 
are completely closed the parts can withstand high 
gas pressures (7). 
(vi) The small dimensional increase (about 10 urn), after 
treatment does not create problems (*t). 
(vii) The treatment is economic (8) and it has been 
claimed that the cost of pore sealing by steam 
treatment is about 15 ^  of that arising during 
infiltration with copper and about 30 % of that 
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incurred during plastic impregnation (5). 
(viii) The blue-black colour developed during treatment 
is pleasant in appearance especially after subse-
quent oil dipping. 
Additional reported works (9-20) on the effects of 
steam oxidation on porosity andproperties of sintered iron 
also claim one or more of the above benefits. 
1.2 STEAM TREATMENT OF Fe-Cu SINTERED ALLOYS 
Effect of copper on steam treatment of sintered 
iron has also been studied quite extensively (17, 21-31). 
Sunter and Cosh (17) after studying steam treatment 
of sintered iron and iron 1.1 wt % Cu alloy found that 
corrosion rates were considerably reduced. They have 
claimed superior surface finish and corrosion resistance 
to that of a similarly shaped wrought and machined part. 
Hammer and Vannerberg (21) found that small addi-
tions of copper had little effect on the oxidation of 
solid iron at 500 °C in oxygen or oxygen-argon atmosphere. 
Phadke and Davies (25) carried out ageing treatment 
at 500°C in nitrogen or vacuum of Fe-2 to 6 wt. % Cu 
powder compacts sintered at 1150°C for 1 hr. and found 
6 
significant increase in hardness of quenched as well as 
furnace cooled (25°C/min) specimens after precipitation 
hardening treatment. Massire martensite was found in 
some regions of 4 and 6 wt % Cu alloy after water 
quenching but it was absent from the 2 wt s/> Cu alloy. 
Solution treated peak hardness values increased with 
copper percentages. However, the 2 wt. */4 Cu alloy showed 
maximum percentage increase^ in hardness although the mag-
nitude of hardness increase over the solution treated 
values was nearly the same in the three alloys. 
The above observations led to the authors (26) to 
prepare Fe-2 °/. Cu compact from elemental powders and 
sinter for 1 hr. at 1150°C and cool at an average rate 
of 75°C/min in an industrial sintering furnace. The 
resulting alloy was aged at 500°C in an inert atmosphere 
and also in steam. The hardness increase during ageing 
in an inert atmosphere was about 22 %. However, ageing 
in steam resulted in an additional gain in hardness due 
to simultaneous precipitation of copper and also formation 
of Fe,0^ by void filling. The hardness values obtained 
during ageing in steam were compared with the values cal-
culated from data obtained on steam oxidized pure iron 
compacts and results of ageing in inert atmosphere. The 
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result showed that degree of hardness increase due to 
steam oxidation was found to be nearly the same in pure 
iron and in the Fe-Cu alloy studied. This preliminary 
study appeared attractive from the point of eliminating 
separate solution and ageing treatments in Fe-Cu sintered 
alloys. Later on Phadke (27) carried out ageing of iron-
copper compacts containing 2,4,6 and 8 wt "/> Cu at 500°C 
and observed that hardness increased after furnace cooling 
but the response to subsequent ageing decreased as the 
copper content increased. The magnitude of increase in 
peak hardness was detected in Fe-8 Cu alloy. The size of 
the precipitates which could be resolved at a magnifica-
tion of 20000 X was above about 25 nm in all the alloys. 
Similar results were found in a further study (28) by 
simultaneous ageing and steam oxidation. The results 
indicate that the oxidation rate decreases with copper 
addition. 
The response to simultaneous ageing and steam oxi-
dation decreases with increasing copper content. For 
maximum benefit, it is necessary that maximum mass gain 
due to formation of Fe,0^ should occur before or con-
currently with peak hardness due to precipitation of 
copper. This condition was fulfilled only in the case 
of Fe-2 •/• Cu alloy. 
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Razavizadeh and Davies (29) selected sponge and 
atomized - two types of iron powders and after compaction 
to densities of 6.0, 6.4 and 6.8 Mg/» and after sinter-
ing under standard conditions subjected sintered compacts 
to steam oxidation at 450, $25 and 600°C. Kinetics of 
oxidation were always faster for sponge iron than for 
atomized iron and there was a corresponding increase in 
the rate of pore closure and in surface hardness. It was 
concluded that for effective sealing of surface pores 
components should be of high density and be steam treated 
at 600°C but for attainment of maximum hardness components 
should be of high density and be steam treated at 525°C. 
After certain time, dependent on initial density and 
steam treatment temperature, surface pores became sealed 
and steam could no longer permeate through the internal 
pore net-work. Open porosity decreased to an apparently 
low level. 
Razavizadeh and Davies (29), have summarized the 
previous work on theoretical and kinetic aspects of steam 
oxidation. It has been shown (6) that Fe,0^ is the only 
oxide formed when the rati© Pj,
 Q / Pj, lies between 0.1 
and 1 when the temperature of reaction falls between 400-
600°C. At low temperatures, (25°C), the only product for-
med when iron reacts with water vapour free from oxygen 
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is Fe(0H)2. However, if air is present, some Fe,0^ also 
forms (32). At temperatures above 6o°C Fe,0^ is formed. 
FeO does not form at temperatures less than 570°C but 
within the range 570-70O°C both FeO and Fe,0^ form and 
the proportion of FeO produced increases with temperature. 
The phase diagram for the Fe/02 system shows that at 570°C, 
FeO decomposes eutectoidally to oc-Fe and Fe,0^. 
The initial rate of steam oxidation, as measured 
by weight gain, is very rapid and more than 30 "A of the 
total weight gain occurs within 10 min. (30 and 32). The 
reaction rate decreases markedly after about 1 hr. Franklin 
and Davies (l) examined the influence of treatment at 
520 and 650°C and demonstrated that at 650°C very rapid 
oxidation occured, but because of surface sealing, a lower 
total oxide content is achieved after long treatment times 
than is normal at the lower temperature. It was suggested 
that treatment at the higher temperature might be appro-
priate as a preliminary to electroplating. In a further 
study (30) of Fe-2 to 8 wt i» in alloy compacted to a 
density of 6.8 Mg/ar and sintered for 1 hr. at 1120°C 
and steam treated at 525°C, it was observed that wear 
resistance of sintered iron were improved by steam treat-
ment and by addition of copper in amounts upto 8 wt °/. 
However, steam treatment of sintered Fe-Cu alloys has 
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adverse effects on wear resistance. An increase in hardness 
was associated with an increase in wear resistance. They 
(30) used atomized iron powders grade ASC with admixed copper 
as well as pre-alloyed iron powder which were compacted to 
6.8 Mg/m* density and sintered at 1120°C for 1 hr. in disso-
ciated ammonia atmosphere and half of the specimens were 
steam treated at 525°C for 100 minutes. By X-ray examina-
tion of Fe-2 to 8 wt. % Cu powder compacts sintered at 
1120°C for 1 hr. at 6.4 to 6.8 Mg/m5 and steam treated at 
525°C, it was confirmed (31) that the principal product 
formed during steam treatment was Fe,0|, and that copper was 
not oxidized by steam. It has been concluded (33) that, 
precipitation treatment in a steam atmosphere, as opposed 
to in an inert atmosphere, increases the hardness of the 
sintered Fe-2Cu alloy. 
In alloys containing more than 2 % Cu, precipitation 
treatment in an inert atmosphere promotes greater hardening 
than that in a steam atmosphere. 
Steam treatment increases the radial crushing stress 
(RCS) of sintered iron but decreases the RCS Of all iron 
copper alloys. 
In a recent work (33) effects of steam treatment and 
time were studied on the air tightness and oxide formation 
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c h a r a c t e r i s t i c s of s in te red Fe-0.5 % graphi te s t e e l s of 
d i f f e ren t d e n s i t i e s . Results shoved t h a t surface oxidation 
r a t e increased above treatment temperature of 600°C and t h a t 
the re was a maximum i n the t o t a l amount of oxide produced 
a t temperature between 500 and 550°C. The amount of t o t a l 
oxide decreased with an increase in densi ty of the specimen. 
Metallographic observations showed t h a t d i f f e ren t oxide 
l aye r s predominated over the range of steam treatment tempe-
r a tu r e used. The ef fec ts of the d i f fe ren t oxide formation 
on a i r t igh tness were discussed. I t was shown t h a t the a i r 
t i gh tness of the steam t rea ted s t e e l s was c lose ly re la ted t o 
the t o t a l amount of oxide produced, regardless of specimen 
dens i ty . 
Steam oxidation in a f lu id ized bed (3*0 were studied 
for Fe- based PM pa r t s containing 1.1 f> carbon, 2.7 "A Cu, 
0.32 % Mn, 0.09 % S i , 0.01 % P, 0.001 % S, 0.08 % Nitrogen, 
0.025 % ml, 0.015 °/> Mg, oxidized i n f lu id ized bed of 120 pm 
white corrundum floated with sa tura ted steam a t 2000 mm Hg 
and 550-600°C. The use of t h i s method s ign i f i can t ly increa-
sed the oxidation r a t e and r e s u l t s i n s t reng th and corrosion 
c h a r a c t e r i s t i c s exceeding those obtained by conventional 
oxidation techniques. In f luidized bed oxidation micro-
voids c h a r a c t e r i s t i c s of PM products become completely sealed 
by dense oxide l ayer . 
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In a recent study (35), thermochemical equilibria 
that governs the oxidation of Fe in steam are examined, 
with particular reference to the treatment of sintered 
steel parts, in which open or interconnected porosity 
plays a role. The parameters required to regulate the 
amount of steam in accordance with the surface to be oxi-
dized and the characteristics of furnace are shown in 
simple graphic form. The range of operating temperature 
is defined by the properties of water and the equilibrium 
diagram of Fe-O. The thermal balance resulting from the 
dissociation of HpO and the formation of Fe^O^ is calcu-
lated and the possible influence of these phenomena on 
control of the furnace temperature is taken into considera-
tion. The formation of very hard layers on the surface of 
porous parts communicating with the external atmosphere 
induces a considerable increase in apparent surface hard-
ness. If the evaluation is not hampered by microstructural 
transformation, it is possible to establish a relation 
between increase in weight and increase in hardness (HJf-
30 scale) which is consistent with the experimental 
results. Since steam treatment of sintered steel parts 
is often used to make them impermeable, a method of cal-
culation suitable for estimating the changes in porosity 
and permeability in treated material is shown. This 
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method can be applied as a theoretical basis for an easily 
used experimental methodology. 
The oxidation kinetic study of iron was carried out 
(36) at 773 K under the total pressure of 10 Pa with the 
precise control of oxygen partial pressure from log (Pn / 
u2 
Pa) « -0.7 to 5.0. The kinetics nearly obeyed the parabolic 
rate law except between log (Pn / Pa) =0.0 and 0.5. The 
u2 
oxidation kinetics at 773 K were studied by many investiga-
tors (32, 37-41) only in air or oxygen atmosphere and most 
of their results fairly agreed with the results of Sakai et 
al (36) in air and oxygen. However, Hussey et al (42, 43) 
who only studied on the oxidation under reduced pressures 
at 773 K, indicated that the oxidation kinetics did not 
obey the simple rate law in the range from log (Pn / Pa) = 
u2 
-1.88 to 5.0. The enhanced blistering of the oxide film 
under the reduced pressure may be one of the main reasons 
for the disagreement between their results and Sakai et 
al (36). 
Below log (Pn /Pa) -0.0 the oxidation provided 
u2 
was parabolic mainly by the growth of magnetite. 
The deviation from the parabolic rate law was rela-
ted to the decrease of the oxidation rate with increasing 
oxygen partial pressure in the range log (Pn / Pa) =0.0 
u2 
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to 0.5. This say be explained by the formation of dense 
hematite en the surface of magnetite which occurred more 
quickly at higher oxygen partial pressures. The similar 
tendency was also reported by Hussey et al (^, 43) at a 
little lower oxygen partial pressures. 
The oxidation rate increased with increasing 
oxygen partial pressure from log (Pn / Pa) * 0.5 to 1.8 
u2 
due to the formation of crack in the oxide film which 
allowed the growth of magnetite. 
Above log (Pn / Pa) =1.8, the parabolic rate 
u2 
constants were almost constant independent of the oxygen 
partial pressure, although the increase of the oxidation 
rate with increasing oxygen partial pressure in this range 
was reported previously (14,19), which may be explained 
by the effect of blistering introduced by the use of the 
reduced pressure technique. 
1.3 SCOPB OF THE PRESENT WORK 
The existing literature contains little reference 
to the influence of alloying additions (except copper) on 
the response of sintered ferrous alloys to steam oxidation 
and this was the principal subject of the present investi-
gation. Further, some of the alloying elements, e.g. 
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phosphorus and molybdenum are capable of causing appre-
c iab le age-hardening in f e r r i t e (hh)» Hdrribogen (45) 
shoved t h a t phosphorus could produce appreciable age-
hardening in Fe-P a l loys containing 0.15 % C and 1.5 % Mn. 
Age-hardening occurred in temperature range 400-550°C, 
but the maximum effect was observed a t 450°C. The i n t en -
s i t y of age-hardening increased with increasing phosphorus 
content . At phosphorus content above 0.5 wt. % , increasing 
amount of f e r r i t e were observed a t the so lu t ion treatment 
temperature with increasing phosphorus contents . At 2 % 
P, the s t e e l was v i r t u a l l y f e r r i t e a t room temperature. 
The p r e c i p i t a t i n g phase was Fe,P but the d e t a i l s of age-
hardening process have not been inves t iga ted . Also, phos-
phorus because of l i qu id phase s in t e r ing and f e r r i t e s t a b i -
l i z a t i o n , spheroidizes the pores and reduces the amount of 
interconnected poros i ty (46) y ie ld ing Fe-P s in te red compacts 
a t a densi ty of more than 7.2 Mg/nr a po ten t i a l a l loy for 
making gas t i g h t components. 
The most commonly used al loying addi t ions in 
s in te red ferrous a l loys are Cu, Hi and/or Mo i n the decrea-
sing order due t o t h e i r low a f f i n i t y t o oxygen and/or cos t . 
The d i f f i c u l t y of adding high hardenabi l i ty but 
eas i ly oxLdizable al loying elements, Mn, Cr and V have been 
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overcome (47,48) by adding these elements In the form of 
master alloy carbides HCM and MVM (containing approximately 
20-23 % each of Mn, Cr or V, Mo, 6-7 % C and balance Fe). 
These additions result into better mechanical properties 
and make sintered steels amenable to transformation harden-
ing after addition of carbon. Apart from this, literature 
contains little reference regarding the effect of Ni, and 
Mo on the sintering behaviour of iron with or without 
phosphorus (32,46,49-54). 
Thus the present work is a preliminary but syste-
matic investigation of the effect of alloying elements 
Cu, Ni, Mo, MCM and MVM - 1 or 2 wt. % with 0.3 and 0.6 
wt. % C on the steam treatment of P-containing atomized 
iron powders. Mechanical properties of sintered compacts 
of Atomized iron powders have also been determined since 
with the exception of copper mechanical properties of Ni, 
Mo and MCM containing iron compacts with phosphorus and 
carbon are hardly reported in literature (50-54). 
Apart from this effect of 1-4 wt. % Cu or MCM on 
steam oxidation of sintered sponge iron powder containing 
0 to 0.6 wt. % P sintered compacts have been studied. 
Other premixes which have been used for the present inves-
tigation are as follows : 
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Fe-P (0 to 0.6 wt. % ) 
Fe-0.3P-Mo (1-4 wt. % ) 
Fe-0.6P-Mo (1-4 wt. % ) 
Fe-0.6P-Ni (2 and 4 wt. % ) - Cu (1 and 4 wt. % ) 
Fe-0.45P-Mo (1 and 2 wt. % ) - Cu (1 and 4 wt. % ) 
Fe-0.6P-Mo (2 and 4 wt. 54 ) - Cu (1 and 4 wt. % ) 
Fe-0.6P-MCM (2 and 4 wt. % ) - Cu (1 and 4 wt. % ) 
The above premixes have been selected to show the 
effect of phosphorus alone and also the effect of quantity, 
nature and distribution of pores on the steam treatment 
behaviour. Apart from this, influence of ternary alloying 
elements on steam treatment behaviour of sintered ferrous 
alloys can be evaluated with the above premixes. 
C H A P T E R 2 
E X P E R I M E N T A L 
2 . 1 PROCEDURE 
Following raw materials ware used for the present 
investigation. 
2.1.1 Iron powder 
High compressibi l i ty sponge i ron powder, grade NC 
100.24, obtained from Hdganas AB, Sweden, was se lected as 
base mater ia l . Charac te r i s t i c s of t h i s powder are : 
Carbon content 
Si0 2 
IL> l o s s 
Apparent densi ty 
Flow r a t e 
(Hall flow meter) 
Compressibil i ty 
P a r t i c l e s i ze 
0.01 % 
0.22 % 
0.20 % 
2.4Mg/m3 
31 secs/50 gms. 
6 .k Mg/m5 a t 420 MPa 
+100 mesh . . . 0.5 % approx. 
-325 mesh . . . 21.5 % approx. 
2 .1 .2 P-contalaing sponge i ron powder 
PNC30, PNC45 and PNC60 supplied by Hoganas AB, 
(18) 
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Sweden were used for 0 .3 , 0.45 and 0.6 pe t , P-containing 
i ron powder, respec t ive ly . These powders are based on 
NC100.24 with admixed ferrophosphorus (Fe,P) containing 
15.6 c/> phosphorus. Charac te r i s t i c s of these powders are 
Carbon content 
S i0 2 
R, loss 
Apparent densi ty 
Flow ra t e 
(Hall flow meter) 
Compressibili ty 
P a r t i c l e s i ze 
0.01 % 
0.16 % 
0.20 % 
2.6 Mg/m3 
31 secs/50 gms. 
6.4 Mg/m3 a t 420 MPa 
•(•100 mesh . . . 1 % maximum 
-325 mesh . . . 20 % 
P-containing atomized i ron powder 
PA8C30 and PASC80 powders obtained from Hftganas AB, 
Sweden were used for 0.3 and 0.3 % P-containing i ron r e s -
pec t ive ly . These powders are based on very pure and super 
compress ibi l i ty i ron powder grade ASC100.29. Charac te r i s -
t i c s of these powders are : 
Carbon content 0.01 % 
Hg los s 0.1 % 
Apparent densi ty 3.0 Mg/m3 
Flow rate 
(Hall flow meter) 
Compressibility 
Particle size 
27 secs/50 gms. 
6.70 Mg/m3 at 420 MPa 
and 7.00 Mg/m3 at 600 MPa 
+65 mesh 0 % 
+100 mesh ... 10 % maximum 
-325 mesh ... 20 % 
2.1.4 Copper powder 
Copper powder used was reduced one and obtained 
from M/S Mahindra Sintered Products, Pune, Characteris-
tics of this powder are : 
Copper content 
Hp loss 
Apparent density 
Flow rate 
(Hall flow meter) 
Particle size 
99.5 % 
0.11 % 
2.25 Mg/m3 
26 secs/50 gms. 
+100 mesh 1.0 % 
+150 mesh 25.7 % 
+200 mesh 14.9 % 
+250 mesh 19.4 % 
+325 mesh 2.4 % 
-325 mesh 36.5 % 
21 
2 .1 .5 MCM and MVM powder 
MCM and MVM are t r a n s i t i o n metal carbide master 
a l l o y s . MCM contains manganese, chromium and molybdenum 
while MVM contains Vanadium ins tead of chromium and ca r -
bon and i ron as balance. These powders of average p a r t i c l e 
s i ze 5 urn FSSS were obtained from S in t e r metallwerk, GmbH, 
Krebsoge, W.G. and have the following composition: 
% Mn Cr V Mo Cu C Si 
MCM 20 20 - 20 0.22 7 0.35 
MVM 20 20 20 0.22 5 0.40 
2 .1 .6 Molybdenum powder 
Molybdenum powder used was obtained from meta l l -
werk, Plansee, Austr ia of p a r t i c l e s i ze 4-6 urn which was 
measured on Fischer subsieve s i z e r . 
2 .1 .7 Nickel powder 
Nickel powder used was type 255* obtained from 
INCO Europe Ltd., London, U.K., the characteristics of 
this powder are as follows : 
Chemical composition 
Ni Balance 
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C 0.2 % 
Fe 0.005 % 
Co 0.0003 % 
N 0.0002 7. 
0 0.07 % 
S 0.0002 % 
Other t r a c e elements < 0.001 % 
Apparent densi ty measured by Scott-Volumeter - 0.50-0.65 
Mg/m5. 
Typical specif ic surface area m /g - 0.7 
Average p a r t i c l e s i ze um = 2 .2-2 .8 FSSS 
2 .1 .8 Graphite 
Graphite powder grade UF^ of average particle size 
4 pi FSSS was obtained from Sintermetallwerk, Krebsoge, W.G. 
2.2 PRBMIX PREPARATION 
In sponge iron powder, phosphorus content was 
varied as 0, 0.30, 0.45 and 0.6 wt. °/>. Alloying additions, 
Cu and MCM were varied at an interval of 1 wt. % and upto 
4 wt. %, In case of ternary premixes, i.e. PNC60-Ni-Cu, 
PNC45-Mo-Cu or PNC60-Mo-Cu and PNC60-MCM-Cu, copper content 
was 1 and 4 wt. %. 
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In case of super compressibil i ty atomized i ron 
powder, the phosphorus content was var ied as 0, 0.30 and 
0.8 wt. % with 0.3 or 0.6 % carbon (Actually, the graphi te 
addi t ion for C was 0.5 and 1.0 % t o compensate for l o s s 
during s in te r ing which was evaluated a f t e r preliminary 
experiments), and 1 or 2 % each of Cu, Ni, Mo, MCM or 
MVM, Various premixes were prepared by mannual mixing 
for 1 hour using acetone as medium. No lub r i can t was added 
during mixing. 
2 .3 COMPACTION 
Green compacts of the dimension 5 m m x 5 m m x 2 0 m m 
were made in a s ing le act ion compression machine a t a 
pressure of 600 MPa. The die made of special K s t e e l , 
cleaned with acetone, lubr ica ted with zinc s t e a r a t e and 
f i l l e d with powder premix, was subjected t o the required 
load a t an approximate r a t e of loading of 1000 kg/minute. 
MPIF (Metal Powders Indus t r i e s Federation) standard t e n s i l e 
t e s t ba r s , the d e t a i l s of which a re given in Fig. 2 .1 and 
having a thickness of approximately 5«7 mm were made on 
Bussmann Demag hydraulic press of 200 tons capaci ty a t 691 
MPa pressure . The d ie wall was lubr ica ted with kenulube 
11 . Green densi ty of the compacts were determined by dimen-
sional measurement and i s summarized in t ab l e I I I . 3 . 1 . 
U593 
II il 
3.187 • .001 
3 .529 " i . 0 0 l " o 
< 
Z 
o 
o 
F ig . 2-1 MPIF tens i le test p i e c e ; green 
d i m e n s i o n , when in the d i e -
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2.4 SINTERING 
2.4.1 Hydrogen atmosphere sintering 
Green pellets were sintered in a globar tubular 
furnace under dry hydrogen atmosphere at 1120°C for 30 
min. The furnace tube had ID of 6.26 cms. and capable 
of attaining a maximum temperature of 1300°C with a 
control of ± 10°C over a length of 1G cms. at the centre. 
The temperature profile of the furnace is shown in Fig. 
2.2. The rate of heating to sintering temperature was 
7 K/min. The rate of cooling from sintering temperature 
was 13 K/min. in case of Fe-P-Cu compacts while in other, 
it was 16 K/min. 
2.4.2 Dissociated ammonia atmosphere sintering 
MPIF tensile test bars made from PASC powders were 
sintered in pusher type Industrial furnace at 1120°C for 
30 minutes in cracked ammonia atmosphere (dew point 240 K) 
of M/S Mahindra Sintered Products Ltd., Pune. 
2.5 SINTERING PARAMETERS 
2.5.1 Linear dimensional change 
Linear dimensional change of MPIF tensile test 
bars was calculated by measuring the difference between 
1200 -
10 2 0 30 
Distance from one e n d , Cm 
Fig. 2.2 TEMPERATURE PROFILE OF THE SINTERING FURNACE 
AT 1120 C 
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sintered and green length as follows : 
Pet. Linear dimensional change » 
Sintered length - Green length 
x 100 
Green length 
In case of cylindrical compacts, radial dimensional change 
was also determined as above. Shrinkage ratio was calcu-
lated whereever it was possible as follows : 
Radial dimensional change 
Shrinkage ratio • 
Axial dimensional change 
Volumetric shrinkage or growth was also derived as follows: 
where ^s 0/ is volumetric change, V and V\ are sintered 
v s g 
and green volumes respectively. 
2.5.2 Sintered density 
Sintered density was calculated from the mass of 
the samples and dimensional measurements of the MPIF 
tensile test bars immediately after sintering. The mass 
of the compacts were determined on an electrical balance 
of capacity 100 gms. The balance had a measurement 
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accuracy of £0.0005 gas. Sintered density of few compacts 
were also measured by Archmedis principle by first dipping 
in silicone oil to close open porosity and then usual 
measurement of mass of samples in air and water. The 
variation in sintered densities between these two methods 
were not more than 2 %. 
2.5.3 Densification parameter 
Densification parameter (AD) was calculated from 
the formula : 
Sintered density - Green density 
AD » 
Theoretical density - Green density 
Theoretical density of iron was taken as 7.86 Mg/m . 
Theoretical density of each composition was calculated from 
rule of mixture taking the theoretical density of the 
various elements at room temperature as follows : 
Density Phosphorus Graphite Copper Mlokel 
Mg/m3 1.82 2.25 8.92 8.91 
Molybdenum MCM MVM 
10.2 7.4 7.4 
Theoretical density of the various premixes for 
evaluation of sintered properties are shown in table 2.1 
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2.6 STEAM TREATMENT EXPERIMENTS 
After determining sintered density from weight 
and dimensional measurements and Vickers hardness deter-
mination at a load of 5 or 10 kg, 3 mm thick slices were 
cut and ground with silicon carbide paper of grit size 
180 and 320. The slices were cleaned with trichloro 
ethylene and acetone and weighed on a microbalance having 
an accuracy of ± 0.0005 gm. They were then put in a pre-
viously weighed silica boat and inserted into Nichrome 
wound tubular furnace having temperature cpntrol of +, 10°C. 
Temperature profile of the furnace is showia in Fig. 2.3-
Steam is generated in a retort and preheated in a heated 
copper coil to the approximate treatment temperature. The 
steam was then passed at atmospheric pressure through the 
tube furnace and finally vented to the atmosphere. Speci-
mens were introduced into the furnace tube with steam 
already flowing and with the furnace at thfc temperature. 
Coldest part of furnace charge must be at a tempe-
rature greater than 100°C before steam is admitted to the 
treatment furnace, otherwise hydroxide of iron is formed 
which subsequently changes to red rust according to the 
reaction. 
2Fe(0H)3 - Fe203 + 3H20 
500 
400 
o 
e 
a. 
300 
200 
100 
0 
to 20 30 40 50 
Distance f rom one e-nd ,Cm 
Fig. 2.3 TEMPERATURE PROFILE OF TUBULAR FURNACE AT 500C 
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If air is present in the furnace, Fe2°3 m a v form. 
During short time of about 30 or 50 seconds, there is 
little chance of air entering into the furnace since the 
furnace tube is at positive steam pressure. 
For PNC compacts the treatment was carried out at 
500°C for times varying between 5 to 120 mins. and for 
PASC compacts the treatment was carried out at 450, 500, 
527, 550 and 600°C for times of 45, 60, 90, and 120 minutes. 
Specimens after steam treatment were weighed and 
dimensions were measured. The area of steam oxidised 
surface Ag was calculated as follows : 
A„ - 2(1 x b • b x t • 1 x t) 
where 1 is length, b the breadth and t thickness of oxi-
dized slices. Weight gain or loss per unit oxidized area 
was calculated and weight gain vs. treatment time was 
plotted. 
2.7 STRUCTURAL STUDIES 
2.7.1 Optical microscopy 
Oxidized sintered specimens are among the most 
difficult ones to prepare for metallographic examination. 
The oxide skin should be retained. They were mounted in 
34 
Araldite and ground on SiC paper of grit sizes 180, 320, 
400, 500 and 600 um. They were then polished on CENSICO 
single disc polishing machine using short napped sylvet or 
velvet cloth to avoid relief. The machine had a relatively 
low speed of 500 rpm. Polishing was done Using 1 micron 
alumina powder suspension in distilled water. Preparation 
of the specimen was found difficult. Some times free 
copper occasionally present in sintered and steam treated 
alleys smeared over the surface and frequently oxide layer 
was broken up and smeared and embeded in araldite which 
shall be evident in third chapter. 
Dilute solution of nitric acid in alcohol was used 
for etching of the polished specimens. 
2.7.2 Scanning electron microscopy 
Scanning electron microscopy studies were carried 
out on Cambridge Stereoscan Electron Microscope for which 
the facilities of Metallurgical Engg. Department of 
Banaras Hindu university, Varanasi were used, and Jeol 
model JSM-35C for which the facilities of National Bota-
nical Research Institute, Lucknow were used. Scanning 
electron picture of fractured surfaces was taken on Philips 
<Videoscan model PSCM 500 Electron Microscope with a tilt 
35 
angle of 33.50 a t 30 KVA, for which the f a c i l i t i e s of 
RSIC, Bose I n s t i t u t e Calcut ta , were used, 
2.8 HARDNESS MEASUREMENTS 
Hardness of the steam treated specimens were 
determined on Vickers hardness testing machine at a load 
of 10 kg. The scatter in hardness reading was + 15 HV10. 
Each value is an average of at least six readings. 
2.8.1 Mlcrohardness determination 
Microhardness of oxide was determined on Buehler 
Mlcrohardness tester at a load of 100 gms. Visible pores 
and unoxidized area were avoided as far as possible. The 
indentor impressions at lower load were sometimes obscure 
probably because of pore and/or matrix area being covered 
by the indentor. In such cases hardness readings were 
discarded and fresh readings were taken. Each micro-
hardness value is an average of at least four readings. 
2.9 TENSILE TEST 
Tensile testing was done on an Instron machine 
Model 1195» with a chart speed of 10 mm/min., cross head 
speed of 0.5 mm/min. and full scale of load 2000 kg for 
which the facilities of Advance Centre for Material Science, 
36 
I . I . T . Kanpur were used. 
2.10 X-RAY STUDIES 
X-ray d i f f rac t ion s tudies of oxidized samples were 
ca r r i ed ©ut for which the f a c i l i t i e s of Advance Centre 
for Material Science, I . I . T . Kanpur were used. 
C H A P T E R 3 
R E S U L T S 
Experimental r e s u l t s are described in three p a r t s . 
Par t I describes the r e s u l t s of steam treatment s tud ies on 
PNC powder compacts. Part I I describes the s in tered pro-
p e r t i e s of PASC powder compacts s ince mechanical p roper t i es 
of such s in tered compacts i n conjunction with the various 
a l loying elements are hardly ava i lab le i n l i t e r a t u r e as 
already discussed i n Chapter I . Par t I I I describes the 
r e s u l t s of steam oxidation experiments on s in tered PASC 
powder compacts. 
Pa r t I 
3.1 STEAM TREATMENT OF PNC POWDER COMPACTS 
Few specimens of Fe-P, Fe-P-Cu and Fe-P-MCM were 
subjected to air oxidation for 30 to 90 minutes at 500-
600°C. It was observed that oxide layers formed were 
inhomogenous, non-adherent and peeled off during handling. 
Air oxidation was not continued any further. 
Table III.1.1 shows the per cent porosity and 
hardness of sintered compacts. The appearance of oxide 
layer formed was generally bluish grey to black and visual 
observation showed that oxide layers were generally uniform. 
(37) 
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3 .1 .1 Kinetic Studies 
3.1.1.1 Fe-P compacts 
Weight gain increases with increasing treatment 
times upto 60 minutes (Fig. 3.1). With increasing phos-
phorus content, weight gain generally decreases. 
3.1.1.2 Fe-P-Cu compacts 
In case of Fe-Cu and Fe-0.3 P-Cu s intered compacts, 
weight gain increases with increasing steam treatment times 
(Fig . 3.2a and 3.2b) . For higher (0.45 and 0.6 %) P-contain-
ing compacts, weight gain increases upto 60 minutes of oxida-
t i on a f t e r which i t remains constant (F igs . 3.2c and 3.2d) . 
In general , with increasing copper content , weight gain 
increases while wi th increasing phosphorus content , i t 
usual ly decreases (Fig. 3 .2 ) . 
3.1.1.3 Fe-P-Mo compacts 
Weight gain increases with increase in steam treat-
ment times similar to that of Fe-P-Cu compacts (Fig. 3.3). 
However, upto about 45 minutes of treatment times, the 
variation of weight gain with times and increase in molyb-
denum content is not regular (Fig. 3.3a and 3.3b). After 
45 minutes of treatment times, weight gain, generally, 
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decreases with increasing Mo content . With increasing 
P-content, the re occurs a decrease in weight gain. Level 
of weight gain i s s l i g h t l y lower in Mo containing compacts 
as compared to t ha t of Cu-containing compacts (Fig. 3.2 
and 3 .3 ) . The va r i a t i on of weight gain with time l eve l s 
off a t about 60-90 minutes of treatment times (Fig. 3 .3) . 
3 .1 .1 .4 Fe-P-MCM compacts 
Variat ion of weight gain with increasing steam 
treatment times and increasing phosphorus content in 
s in te red compacts i s s imi la r t o t ha t i n case of Cu-contain-
ing compacts (Figs . 3.4a t o 3.Ad). With increasing MCM 
contents , weight gain invar iably inc reases . At lower 
phosphorus l e v e l s , weight gain i n MCM-containing compacts 
i s higher than t h a t i n case of Cu-containing compacts 
(Fig. 3.2 and 3.4) but a t higher phosphorus contents , 
weight gain in MCM and Cu-containing compacts are compa-
rab le . 
3.1.1.5 Ternay powder premixes 
In case of ternary powder compacts, the variation 
of weight gain with treatment times and copper contents 
are similar to that observed in case of binary premixes 
(Fig. 3.5a and 3.3d). The order of increase of weight 
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gain in case of MCM containing compacts is highest. 
Higher Mo and P decrease the level of weight gain (Fig. 
3.5b and 3.5c). 
3.1.2 Hardness 
3.1.2.1 Fe-P compacts 
Hardness increases with increasing treatment times 
upto 30 minutes after which there occurs a marginal 
decrease in it (Fig. 3.6). With increase in phosphorus 
content from 0 to 0.^ 5 wt. %, there is a small increase 
in hardness while when P content is increased from 0.45 to 
0.6 wt. %, hardness increases significantly. With increa-
sing P contents, maximum in hardness is achieved at shorter 
treatment times. 
3.1.2.2 Fe-P-Cu compacts 
Maximum hardness was found after steam oxidation 
for 30 minutes (Figs. 3.7 and 3.8). After 30 minutes of 
treatment, hardness either remains constant or there is a 
marginal decrease. However, there occurs a significant 
increase in hardness of the oxidized samples over that of 
as sintered specimens (Figs. 3.7 and 3.8 and Table III.1.1). 
The level of increase in hardness of Fe-Cu oxidized 
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specimen (Fig. 3.7a) is higher than that in case of Fe-0.3 
P-Cu specimens (Fig. 3.7b). After 0.3 wt. % P level hard-
ness in general increases with increasing P content (Figs. 
3.3a and 3.8b). In general, hardness increases with 
increasing copper content (Figs. 3.7 and 3.8). 
3.1.2.3 Fe-P-Mo compacts 
The variation of hardness with steam treatment times 
is similar to that of Fe-P or Fe-P-Cu compacts (Fig. 3.9) 
except that maximum in hardness is achieved at around 60 
minutes of treatment times. With increase in P content 
from 0.3 to 0.6 wt. % the hardness increase is of the order 
of 60 HV10 while with increase in Mo content from 1 to 4 
wt. %f hardness increase is upto 30 HV10 only. However, 
with steam treatment, hardness increase of upto over 100 % 
is obtained over that of as sintered compacts. 
3.1.2.4 Fe-P-MCM compacts 
The variation of hardness with steam oxidation time 
with increasing MCM or P content is in general similar to 
that of other systems (Figs. 3.10 and 3.11). However, one 
important point to note is that no maximum in hardness is 
observed. Hardness regularly increases with increasing 
treatment times. This trend of regular increases in hard-
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ness with increasing treatment times goes on becoming more 
and more evident with increasing phosphorus content . The 
increase in hardness of as steam t r ea t ed samples over t ha t 
of as s in tered ones i s upto 120 %. 
3.1 .2 .5 Ternary powder compacts 
In case of Mo-containing s in te red ternary premixes, 
with increase in treatment t imes, the va r i a t ion of hardness 
i s general ly s imi la r t o t ha t of other binary premixes (Figs . 
3.12a and 3.12b). However, maximum i n hardness i n case of 
PNC45-Mo-Cu compacts i s achieved a t 45 minutes of treatment 
t imes. With increasing Mo content hardness general ly i n c r e -
ases but with increasing Cu contents hardness general ly 
decreases (Figs . 3.12a and 3.12b). 
In MCM containing compacts, increasing MCM contents 
increases hardness but increasing copper addi t ion decreases 
hardness (Fig. 3.13a). Variat ion of hardness with i nc reas -
ing treatment times i s s imi lar t o other ternary systems. 
In case of Ni-containing compacts hardness increases 
upto 60 minutes of treatment times a f t e r which there i s a 
f a l l (Fig. 3.13b). However, va r i a t i on with increasing Ni 
oa? Cu content does not give any conclusive r e s u l t . 
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3.1 .3 S t ruc tura l s tudies 
3 .1 .3 .1 Fe-P compacts 
In general, with increase in steam treatment times, 
oxide layer was found to be thicker and slightly diffused. 
In case of plain iron, the oxide layer seems to have broken 
during grinding and polishing and smeared over the surface. 
With increasing P content oxide layer is relatively sharp 
(Figs. 3.1A* to 3.lAd). 
3.1 .3 .2 Fe-P-Cu compacts 
Microstructural examination shows tha t with i nc reas -
ing treatment t imes, oxygen diffuses deeper i n t o the matrix 
(F igs . 3.15a t o 3 .15f) . When the copper content was 
increased, oxidation increases (F igs . 3.15a and 3.15c 
or 3.15b and 3.15d). Higher amount of phosphorus decreases 
the r a t e of oxidation (Figs . 3«15e and 3 .15f) . The above 
observations are more evident through scanning e lec t ron 
p ic tu res of oxide plus matrix regions (F igs . 3.16 to 
3 .19) . Longer treatment time increases the thickness of 
oxide l aye r (Figs . 3.16 and 3 .17) . In case of P-containing 
specimens, oxide thickness does not appear t o have increased 
with increasing treatment time (Figs . 3.18 and 3 .19) . 
(a) NC100-24 (b) PNC30 
N C - ICu 
N C - 4 C u ( d ) 
F i g . 3 <15 
(c) P N C 6 0 - A C u ( f ) 
Fig. 3-15 
( a ) 640X (b) 
( c ) 1250 X 
NC-1Cu 
( d ) 
Fig. 3-16 
( a ) 640X (b) 
(c ) 1250X 
N C - 4 C u 
F ig . 3-17 
(d) 
(a) 640X (b ) 
( c ) 1250X 
P N C 6 0 - ICu 
Fig. 3-18 
( d ) 
(a ) 640 X ( b) 
( c ) 1250 X 
P N C 6 0 - 4 C u 
( d ) 
Fig. 3-19 
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3.1 .3 .3 Fe-P-Mo compacts 
At lower treatment times, the oxide layer formed i s 
th in and diffuse (Fig. 3.20). Some se lec t ive oxide patches 
near pores have been shown in various compacts. In case of 
Fe-0.3P-3Mo compacts, steam t r ea t ed for 90 minutes, r e l a t i -
vely well defined oxide layers have been obtained (Fig. 
3.20c). Such l aye rs have been found in higher Mo and/or 
higher P-containing compacts (Figs . 3.20 and 3.21). Higher 
Mo and/or higher P-containing compacts show sharp, well 
defined and large grains (Figs . 3.20d and 3.21). Pores 
are smaller and rounded ones. During specimen preparat ion 
oxide p a r t i c l e s frequently smeared over a r a l d i t e and v i ce -
versa as shown in Fig. 3 .21. 
3 .1 .3 .4 Fe-P-MCM compacts 
With increasing treatment times in case of PNC-
I MCM compacts, thickness of oxide layer increases (Figs . 
3.22 and 3.23). With increasing MCM contents , the de f i -
n i t i o n of oxide l ayer decreases. For higher P-containing 
Fe-MCM compacts the oxide layer was frequently broken. 
However, the oxide layers are diffuse (Figs . 3.24 and 3.25) 
contrary to the effect of P on other systems. 
3.1.3.5 Ternary powder compacts 
In case of Mo-containing compacts, the effect of 
( a ) PNC30- 2Mo ( b ) P N C 3 0 - 3 M o 
(c) PNC30-3MO (d) PIMC30- 4Mo 
Fig. 3-20 
( a ) PNC60~1Mo (b ) PNC60-2MO 
(c) PNC60-3MO ( d ) P N C 6 0 - 4 M o 
Fig. 3-21 
( a ) NC-1MCM ( b ) NC-1MCM 
(c) NC-2MCM 
Fig. 3-22 

( a ) N C - 4 M C M ( b ) 
Fig. 3-23 
( a ) PNC45-1MCM ( b ) 
( c ) PNC45-4MCM (d) 
Fig. 3-24 
(a) PNC60-2MCM (b) 
(c) PNC60-3MCM ( d ) 
Fig. 3-25 
(a) PNC60-1MCM ( b ) PNC60-4MCM 
1280X 
F ig . 3-26 
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increasing Cu content on sharpness and def in i t ion of 
oxide layer i s marginal (Fig. 3.27a and 3.27b). The 
oxide layer obtained i s r e l a t i v e l y sharp. Sharpness of 
oxide layer i s improved but thickness i s reduced by increa-
sing P content to 0.6 wt. % and Mo content to 2 % (Fig. 
3.27c). 
In case of MCM-containing compacts, increasing 
MCM content and increasing treatment times increases the 
r a t e of oxidation (Fig. 3.28). Increasing copper content 
increases oxidation and yie lds diffuse oxide layer (Fig. 
3.28c). 
In case of Ni-containing compacts, the oxide layer 
formed i s very t h in a t 10 minutes of treatment times while 
with higher treatment times and higher copper contents no 
well defined oxide layers are formed. (Figs . 3.29a and 
3.29b). Microstructural observation does not give any 
conclusive r e s u l t . The s t ruc tu res are heterogenous. 
3.1.4 Microhardness determination 
Microhardness values (Table I I I . 1 . 2 ) show tha t with 
increase in P content , there i s s ign i f i can t increase in 
microhardness values . An increase in hardness values of 
about 100-150 HV0.1 i s observed when P content i s increased 
" - / ' 
(a) P N C 4 5 - 1 M o - 1 C u P N C 4 5 - 1 M o - 4 C u 
(c) P N C 6 0 - 2 M o - 4 C u 
Fig. 3-27 
(d) P N C 6 0 - 2 M o - 4 C u 
1280X 
Fig. 3-27 
PNC60 - 2MCM- 1Cu 
(c) PNC60 - AMCM-4Cu 
Fig. 3-28 
( d ) PNC60-4MCM - 4Cu 
1280X 
F i g . 3-28 
La) P N C 6 0 - 4 N i - 1 C u (b ) PNC60 - 4 N i - 4Cu 
Fig. 3-29 
(c) P N C 6 0 - 4 N i - ACu 
1280X 
Fig. 3-29 
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from 0 to 0.6 wt. %, 
In case of PNC6Q compacts, increase of treatment 
time also shows marginal increase in hardness values. 
In case of Fe-P-Cu compacts, there occurs a very 
slight increase in microhardness values with increasing 
Cu or P content. Increasing treatment time also does not 
increase microhardness value to any significant degree. 
In case of Fe-P-Mo compacts, effect of increasing 
Mo, P or treatment time is in general similar to that 
mentioned above in case of Fe-P-Cu compacts. The micro-
hardness values obtained in case of Fe-P, Fe-P-Cu or Fe-P-Mo 
compacts does not exceed 400 HV0.1. 
in case of Fe-P-MCM compacts, microhardness values 
generally increase with increasing P content and also with 
increasing MCM content at a particular level of phosphorus. 
Microhardness values obtained in this system range between 
400 to 622 HV0.1. 
In ternary compacts microhardness values obtained 
are in the order MCM - Mo - Ni in decreasing magnitude. 
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FIGURE CAPTIONS 
Fig. 3.1 Weight gain with respect to time of steam treat-
ment at 500°C for sintered Fe-P alloys. 
Fig. 3.2 Weight gain with respect to time of steam treat-
ment at 500°C for sintered Fe-P-Cu alloys. 
Fig. 3.3 Weight gain with respect to time of steam treat-
ment at 500°C for sintered Fe-P-Mo alloys. 
Fig. 3.^ Weight gain with respect to time of steam treat-
ment at 500°C for sintered Fe-P-MCM alloys. 
Fig. 3.5 Weight gain with respect to time of steam treat-
ment at 500°C for sintered (a) Fe-P-MCM-Cu, 
(b) and (c) Fe-P-Mo-Cu and (d) Fe-P-Ni-Cu. 
Fig. 3.6 Variation of hardness with time of steam treat-
ment at 500°C for sintered Fe-P alloys. 
Fig. 3.7 Variation of hardness with time of steam treat-
ment at 500°C for sintered Fe-P-Cu alloys. 
Fig. 3.8 Variation of hardness with time of steam treat-
ment at 500°C for sintered Fe-P-Cu alloys. 
Fig. 3.9 Variation of hardness with time of steam treat-
ment at 500°C for sintered Fe-P-Mo alloys. 
Fig. 3.10 Variation of hardness with time of steam treat-
ment at 500°C for sintered Fe-P-MCM alloys. 
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Fig. 3.11 Variation of hardness with time of steam treat-
ment at 500°C for sintered Fe-P-MCM alloys. 
Fig. 3.12 Variation of hardness with time of steam treat-
ment at 500°C for sintered Fe-P-Mo-Cu alloys. 
Fig. 3.13 Variation of hardness with time of steam treat-
ment at 500°C for sintered (a) Fe-P-MCM-Cu, 
(b) Fe-P-Ni-Cu. 
Fig. 3.1^ Microstructures of sintered and steam treated 
ferrous alloys showing oxidized layer and matrix 
region, treated for 90 minutes. Magnification 
200X, Nital etched. 
Fig. 3.15 Microstructures of sintered and steam treated 
ferrous alloys showing oxidized layer and 
matrix region (a), (c) and (e) treated for 
30 minutes; (b), (d) and (f) treated for 90 
minutes. Magnification 200X, Nital etched. 
Fig. 3.16 Scanning electron microstructures of steam 
treated alloy, (a) and (c) treated for 30 minutes; 
(b) and (d) treated for 90 minutes. 
Fig. 3.17 Scanning electron microstructures of steam 
treated alloy, (a) and (c) treated for 30 minutes; 
(b) and (d) treated for 90 minutes. 
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Fig. 3.18 Scanning electron microstruetures of steam 
treated alloy, (a) and (c) treated for 30 
minutes; (b) and (d) treated for 90 minutes. 
Fig. 3.19 Scanning electron microstruetures of steam 
treated alloy, (a) and (c) treated for 30 
minutes; (b) and (d) treated for 90 minutes. 
Fig. 3.20 Microstructures of sintered and steam treated 
ferrous alloys; (a) and (b) treated for 10 
minutes; (c) and (d) treated for 90 minutes. 
Magnification 200X, Nital etched. 
Fig. 3.21 Microstructures of sintered at steam treated 
ferrous alloys, treated for 90 minutes. Magni-
fication 200X, Nital etched. 
Fig. 3.22 Microstructures of sintered and steam treated 
ferrous alloys, (a) and (d) treated for 10 
minutes; (b), (c) and (e) treated for 90 minu-
tes. Magnification 200X, Nital etched. 
Fig. 3.23 Microstructures of sintered and steam treated 
ferrous alloy, (a) and (b) treated for 10 and 
90 minutes, respectively. Magnification 200X, 
Nital etched. 
Fig. 3.2*4- Microstructures of sintered and steam treated 
ferrous alloys, (a) and (c) treated for 10 minu-
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tes> (b) and (d) treated for 90 minutes. 
Magnification 200X, Nital etched. 
Fig. 3.25 Microstructures of sintered and steam treated 
ferrous alloys, (a) and (c) treated for 10 
minutes; (b) and (d) treated for 90 minutes. 
Magnification 200X, Nital etched. 
Fig. 3.26 Scanning electron microstructures of steam 
treated alloys, treated for 90 minutes. 
Fig. 3.27 Microstructures (a), (b), (c) and SEM (d) of 
sintered and steam treated ferrous alloys, 
treated for 90 minutes. 
Fig. 3.28 Microstructures (a), (b), (d) and SEM (d) of 
sintered and steam treated ferrous alloys, 
(a), (b) and (d) treated for 90 minutes, (c) 
treated for 10 minutes. 
Fig. 3.29 Microstructures (a), (b) and SEM (c) of 
sintered and steam treated ferrous alloys, 
treated for 90 minutes. 
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P a r t I I 
3 .2 PROPERTIES OF PASC POWDER COMPACTS 
3 . 2 . 1 D e n s i f i c a t i o n 
In case of bo th PASC30 and PASC80 powder compacts, 
a t 0 .3 % carbon l e v e l , copper a d d i t i o n upto 2 % d e c r e a s e s 
s i n t e r e d d e n s i t y ( F i g . 3.30a) whi le a t 0 .6 % C l e v e l , t h e r e 
i s an improvement i n d e n s i f i c a t i o n ( F i g s . 3.30a and 3 . 3 1 a ) . 
However, l i n e a r d imensional change i n r a d i a l d i r e c t i o n i s 
small i . e . - 0 . 1 t o +0.2 %. 
At 0 .3 % C l e v e l , 1 % of n i c k e l a d d i t i o n dec rea se s 
s i n t e r e d d e n s i t y a f t e r which e f f e c t of e i t h e r carbon o r 
n i c k e l i n c r e a s e on s i n t e r e d d e n s i t y and d e n s i f i c a t i o n p a r a -
meter i s marginal ( F i g s . 3.30b and 3.31b) i n PASC30- as 
we l l as PASC80 powder compacts. L inea r d imensional change 
i n c r e a s e s r e g u l a r l y w i t h i n c r e a s e i n e i t h e r Ni or C con ten t 
( F i g s . 3.30b and 3 .31b ) . I n c r e a s e i n P c o n t e n t from 0 .3 
t o 0 . 8 % i n c r e a s e s growth of Fe-C-Ni s i n t e r e d t e s t p i e c e s 
( F i g s . 3.30b and 3 .31b ) . 
At 0 .3 % C c o n t e n t , i n c r e a s i n g molybdenum c o n t e n t 
improves s i n t e r e d d e n s i t y wh i l e a t 0 .6 % C l e v e l , t h e r o l e 
of molybdenum on d e n s i f i c a t i o n changes ( F i g s . 3.30c and 
3 . 3 1 c ) . With a change from PASC30 t o PASC80 powder compacts, 
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magnitude of growth in Fe-C-Mo system increases (Figs . 
3.30c and 3.31c). 
At 0.3 % C l e v e l , MCM addi t ion upto 2 % sharply 
decreases s in tered densi ty and dens i f ica t lon parameter of 
both PASC30 as well as PASC80 powder compacts while a t 
0.6 % C l e v e l , the ef fect of equal amount of MCM addi t ion 
on such s in te red p roper t i es i s marginal (F igs . 3.30d and 
3.31d). The trend of l i n e a r dimensional change va r i a t i on 
in case of PASC-C-MCM compacts i s s imi lar t o tha t of 
s in te red density or dens i f ica t ion parameter va r i a t i on . 
The effect of MVM addit ion of dens i f ica t ion and 
l i n e a r dimensional change of s in tered PASC-C compacts i s 
general ly s imi lar t o t h a t of MCM addi t ion (F igs . 3.30e 
and 3.31e). Increase in P-content from 0.3 t o 0.8 % 
improves dens i f ica t ion of Fe-C-MCM/MVM compacts (Figs . 
3.30d and e, 3.31d and e ) . 
3 .2.2 Tensile p roper t i es 
Both u l t imate t e n s i l e and y ie ld s t rengths increase 
with increasing copper and/or carbon contents in case of 
s in tered PASC30 powder compacts (Fig . 3.32a). However, 
d u c t i l i t y , i n general , decreases with increasing copper 
contents a t both C-levels of 0.3 and 0.6 % (Fig. 3.32a). 
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When phosphorus content was increased from 0.3 to 0.8, %, 
UTS and Y.S. decrease i n i t i a l l y with 1 % Cu addi t ion a t 
0.3 "/ C l eve l and then increase a t e i t h e r C contents 
(Fig . 3.33a). The va r i a t i on of d u c t i l i t y in case of PASCSO 
powder compacts i s s imi lar to t ha t of PASC30 powder compacts 
(Figs . 3.32a and 3.33a). The difference between UTS and 
YS of s in te red PASC-0.3C-1 t o 2 Cu powder compacts i s 
r e l a t i v e l y la rge which i s narrowed down a t higher C and/ 
or P l eve l s (Figs . 3.32a and 3.33a). The magnitude of 
UTS and YS in case of PASC80 s in te red powder compacts i s 
smaller than t h a t i n case of PASC30 premixes (F igs . 3.32a 
and 3.33) . 
In case of PASC30 premixes, a t 0.3 % as well as 
0.6 % C l e v e l , when nickel content was increased from 1 
t o 2 %, UTS and YS decrease (Fig. 3.32b). Duc t i l i ty 
regular ly f a l l s with C and/or Ni addi t ion keeping e i t h e r 
element constant (Fig. 3.32b). When P-content was increased, 
both UTS and YS increase upto 0.6 C and 1 "A Ni a f t e r which 
there i s a f a l l (Fig. 3#33b). I n i t i a l addi t ion of 0.3 % 
C and 1 % Ni to PASC80 premixes, decreases d u c t i l i t y t o 
a very s ign i f ican t extent a f t e r which the change in elong-
a t ion percentage i s marginal (Fig . 3.33b). 
Variat ion of t e n s i l e p roper t i e s i n case of Mo-
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containing compacts, is in general, similar to that of Ni-
containing compacts (Figs. 3.32c and 3.33c). However, the 
magnitude of strengths is slightly higher at higher P-
content but the effect of phosphorus on ductility is insi-
gnificant (Fig. 3.33c). 
In case of PASC30 premixes, strength properties 
improve upto 0.3 % C and 2 % MCM while ductility, in 
general decreases (Fig. 3.32d). Generally, similar trend 
in tensile properties variation is noticed at higher P-
level of 0.8% (Fig. 3.33d). 
In case of PASC30 compacts, strength properties 
improve with either C and/or MVM additions while ductility 
decreases with such additions (Fig. 3»32e). In general, 
a similar trend in tensile properties variation is observed 
when P-content was increased from 0.3 to 0.8 % 
3.2.3 Anisotropic dimensional change 
In order to have an idea about isotropy of growth 
or shrinkage, shrinkage ratio defined as radial dimensional 
change divided by axial dimensional change (with respect 
to direction of pressing) after sintering have been plotted 
in Fig. 3.34. Side by side, volume shrinkage with similar 
additions of alloying elements have been plotted. It can 
oijej «or>|Ujj4s 
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be observed (Fig. 3.3^a to e) that the variation of volume 
shrinkage, is in general, similar to that of densification 
parameter variation. However, volume shrinkage does not 
vary similar to that of linear dimensional change (Figs. 
3.30, 3.31 and 3.3/0. This is because of an isotropic 
shrinkage or growth. 
( a ) PASC30- 0 -3C-2Cu (b) PASC30-0-6C -2Cu 
(c) PASC80-0-6C - 2 C u 
F ig . 3 35 
PASC80-0-6C-2NJ ( « ) PASC80 - 0 - 6 C - 2 M O 
( f ) PASC80 -0 -6C-2MCM (g) PASC80-0-6C -2MVM 
Fig. 3-35 
(a) PASC30-0-3C- 2Cu 
800X 
( b ) 600X PASC30-0-6C-2CU (b) 1200X 
F ig .3 -36 
(b) 600X PASC30-0-6C - 2 N i 
Fig. 3-37 
(b ) 1200X 
(a ) PA5C30-0-3C - 2 Mo 
800X 
/ 
v'b) 600 X PASC30-0-6C- 2Mo 
Fig. 3-38 
(b) 1200X 
(a) 600X PASC30-0-3C-2MCM (a) 1200X 
( b ) 600X PASC30 - 0 - 6 - 2MCM 
F i g . 3-39 
(b) 1200 X 
(c) 600X PASC80-0-6C-2MCM (c) 1200X 
Fig.3-39 
(a) 600X PASC30-0-3C-2MVM (a) 1200X 
(b) 600 X PASC30-0-6C-2MVM (b) 1200X 
F ig .3 -40 
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(c) 600 X PASC80-0-6C-2MVNI 
F ig . 3-40 
(c) 1200X 
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Fig. 3.30 Sintered properties of PASC30-C- alloying 
element powder compacts sintered at 1393 K 
for 1.8 ks in dissociated ammonia. Compac-
tion pressure 691 MPa. 
Fig. 3.31 Sintered properties of PASC80-C- alloying 
element powder compacts sintered at 1393 K 
for 1.8 ks in dissociated ammonia. Compac-
tion pressure 691 MPa. 
Fig. 3.32 Tensile properties of PASC-C- alloying 
element powder compacts sintered at 1393 K 
for 1.8 ks in dissociated ammonia. Compac-
tion pressure 691 MPa. 
Fig. 3.33 Tensile properties of PASC80-C- alloying 
element powder compacts sintered at 1393 K 
for 1.8 ks in dissociated ammonia. Compac-
tion pressure 691 MPa. 
Fig. 3.3^ Shrinkage ratio and volumetric shrinkage of 
PASC30/80-C- alloying element powder compacts 
sintered at 1393 K for 1.8 ks in dissociated 
ammonia: Compaction pressure 691 MPa. 
Fig. 3.35 Microstructures of steels sintered at 1393 K 
for 1.8 ks in dissociated ammonia, compaction 
pressure 691 MPa Mag. 400X, Nital etched. 
Fig. 3.36 Scanniag Electron Fractographs of broken 
tensile test pieces, sintered at 1393 K for 
1.8 ks in dissociated ammonia. Compaction 
pressure 691 MPa. 
Fig. 3.37 Scanning Electron Fractographs of broken 
tensile test pieces, sintered at 1393 K for 
1.8 ks in dissociated ammonia. Compaction 
pressure 691 MPa. 
Fig. 3.38 Scanning Electron Fractographs of broken 
tensile test pieces, sintered at 1393 K for 
1.8 ks in dissociated ammonia. Compaction 
pressure 691 MPa. 
Fig. 3.39 Scanning Electron Fractographs of broken 
tensile test pieces, sintered at 1393 K for 
1.8 ks in dissociated ammonia. Compaction 
pressure 691 MPa. 
Fig. 3.^ *0 Scanning Electron Fractographs of broken 
tensile test pieces sintered at 1393 K for 
1.8 ks in dissociated ammonia. Compaction 
pressure 691 MPa. 
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Part III 
3.3 STEAM TREATMENT OF PASC POWDER COMPACTS 
3.3.1 Kinetic studies 
Kinetic studies of steam treatment on sintered PNC 
powder compacts at 50O°C has shown that below 30 minutes of 
treatment times, variation of weight gain with treatment 
times is linear (Figs. 3.1-3.5). Further, because of ato-
mized iron powder, higher sintered densities have been 
obtained in PASC powder compacts (Figs. 3.41-3.65 and Table 
III.3.2), particularly in higher P-content of 0 . 8 % Hence 
steam treatment times were varied from 45 to 120 minutes. 
In all the PASC powder compacts either 0.3 or 0.6 % combined 
C are present. 
3.3.1.1 PASC-Cu-C compacts 
There i s a rapid increase in mass gain with treatment 
times from 45 to 60 minutes in case of almost a l l the compacts 
i r r e spec t ive of Cu, P or C l e v e l s (Fig . 3 .41) . 0.3 "A C and 
1 */> Cu in PASC30 s in te red powder compacts increase the oxida-
t ion r a t e (Fig. 3 . 4 l a ) . However, t h i s s i t ua t i on i s not so 
evident a t higher P-content of 0.8 */• (Fig. 3.41b). When Cu-
content i s increased from 1 t o 2 % keeping the C-content 
constant , weight gain invar iably increases (Figs . 3.41a and b ) . 
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Such an effect of increase in oxidation r a t e i s not noticed 
when C content i s increased from 0.3 to 0.6 ^ a t equivalent 
Cu l e v e l s . For example, i n case of PASC80-1CU 
compacts, increase of C content from 0.3 t o 0.6 % increases 
oxidation r a t e (Fig . 3.Alb) while in case of PASC80-2Cu 
compacts, such an increase of C content does not give any 
conclusive r e s u l t . However, higher amount of P invar iably 
decreases the amount of oxidation (F igs . 3.^1 a and b ) . 
When steam oxidation temperature i s increased from 
450 t o 500°C there i s hardly any change in va r i a t i on of 
weight gain with steam treatment times with respect to Cu, 
C or P-contents . Increase in Cu content to 1 and 2 % 
increases the r a t e of oxidation (Fig . 3.^2 a and b ) . 
When steam oxidation time was further increased t o 
527°C, the weight gain l eve l decreases and the curves 
become more c l ea r ly well-defined (F igs . 3./+3 a and b ) . I t 
can be c lea r ly seen tha t 0.3 % C and 1 % Cu increase the 
oxidation which further increases when Cu content i s i nc re -
ased t o 2 % (Figs . 3.^3 a and b ) . Similar s i t ua t i on i s 
observed a t higher C-contents of 0.6 % . 
Increase in oxidation temperature to 550 and 600°C 
does not change the k ine t i c curve except t ha t the magnitude 
of weight gain increases again with increasing steam oxida-
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t ion temperature a f t e r 527°C (Figs . 3 . ^ and 3.^5 a and b ) . 
One important point to note i s t h a t a t steam oxidation 
temperature of 600°C, in case of PASC80 s in tered powder 
compacts increase in weight gain i s l a rge when 0.3 % C and 
1 % Cu are added as compared to a l l other steam treatment 
temperatures (F igs . 3.^1-3.*«5)• 
3 .3 .1 .2 PASONi-C compacts 
At a treatment temperature of 450°C, with increase 
i n oxidation time, weight gain increases and reaches a maxi-
mum a t 60 minutes a f t e r which i t remains constant upto 120 
minutes of treatment times (Fig. 3 .^6) . Such a constancy in 
weight gain a f t e r 60 minutes of treatment was not observed 
in case of Cu-containing compacts (Fig. 3 .^1) . When 0.3 % 
C and 1 "/• Ni was added to PASC30 or PASC80 s in tered powder 
compacts, there occurs an increase in weight gain a t 45 
minutes of treatment times while a decrease in weight gain 
a t a l l other treatment times (Fig . 3.^6 a and b ) . Keeping 
C and P l eve l s constant , when Ni-content was increased from 
1 t o 2 % , there i s invar iably a decrease i n weight gain a t 
a l l treatment t imes. Keeping Ni and P concentrat ions cons-
t a n t , when C content was increased from 0.3 t o 0.6 % weight 
gain increases a t 1 % Ni l eve l while decreases a t 2 % Ni 
l eve l (Figs . 3.^6 a and b ) . Level of increase in weight in 
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steam oxidized samples is less in case of Ni- containing 
compacts than that observed in case of Cu-containing 
samples (Fig. 3.41 and 3.46). 
When steam oxidation temperature was increased to 
500°C, there is no change in the trend of variation of 
weight gain with time except that increase in C content from 
0.3 to 0.6 % increases weight gain at all P and Ni concen-
trations (Fig. 3.^7 a and b). 
When steam oxidation temperature was increased to 
527°C, the curve is almost exactly similar to that of 
previous one (Figs. 3.47 and 3.48). When steam oxidation 
temperature was further increased to 550°C and 600°C, there 
is no change in the trend of weight gain variation with 
treatment time except that magnitude of weight gain increases 
again after 527°C (Fig. 3.49 and 3.50). However, constancy 
of weight gain after steam oxidation for 45 to 120 minutes 
is maintained at all treatment temperatures. Further, 
effect of alloying elements on oxidation is more marked 
at higher treatment temperatures of more than 527°C 
3.3.1.3 PASC-Mo-C compacts 
At steam oxidation temperature of 450°C, in case of 
PASC30 sintered powder compact, weight gain increases with 
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increase in treatment time upto 60 minutes after which 
there appears to be slight fall (Fig. 3.51)• When 0.3 % 
C and 1 '/> Mo are added, there occurs a significant decrease 
in gain of weight. At 0.3 % C, when Mo content was increa-
sed from 1 to 2 % , there is a further significant decrease 
in weight gain (Fig. 3.51). When C content was increased 
from 0.3 to 0.6 % , there is a marginal increase in weight 
gain at either Mo content or phosphorus levels (Fig. 3.51 a 
and b). When phosphorus content was increased from 0.3 to 
0.8 %, there is invariably a reduction in weight gain at 
equivalent C and Mo contents. After 60 minutes of steam 
oxidation, there appears to be no effect of treatment period 
on weight gain in all compositions of Mo-containing compacts 
However, from 45 to 60 minutes of treatment period, the 
rate of oxidation decreases and becomes constant at or below 
60 minutes of treatment period. 
When steam oxidation temperature was increased to 
500°C, variation of weight gain with steam treatment time 
with respect to Mo, or P contents remains unchanged (Fig. 
3.52). However, effect of increase of C content from 0.3 
to 0.6 i* is reversed and is noticed to decrease the weight 
gain. Except in case of plain PASC powder compacts, magni-
tude of weight decreases when steam oxidation temperature 
was increased from 450 to 500°C. (Figs. 3.5L-*od 3.^2). 
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There is an indication that maximum in weight gain reaches 
at lower period. 
When steam oxidation temperature was further increased 
to 527°C, the effect of 0.3 % C and 1 % Mo addition on magni-
tude of weight gain is decreased as compared to that observed 
at lower treatment temperature, at either P level (Fig. 3.53). 
The effect of increasing Mo, C or P contents on weight gain 
is similar to that observed in case of steam treatment 
carried out at 450°C. 
When the steam oxidation temperature was increased 
•further to 550 and 600°C (Figs. 3.54 and 3.55), effect of 
Mo, C or P on variation of weight gain with steam oxidation 
time remains qualitatively unchanged. However effect of 
adding 0.3 % C and 1 % Mo in decreasing the magnitude of 
weight gain increases with increase in steam oxidation 
temperature particularly at lower P-level of 0.3%, Also, 
the difference in weight gain at 45 and 60 minutes of 
treatment period goes on decreasing with increase in steam 
treatment temperature (Figs. 3.51-3.55). However, constancy 
of weight after 60 minutes of treatment period is maintained 
in all compositions and at all temperature. 
3.3.1.4 PASC-MCM-C compacts 
At steam oxidation temperature of 450°C, when 0.3 % 
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C and 1 % MCM are added to PASC30 powder compact, there 
occurs a significant increase in weight gain at all treat-
ment times and that the magnitude of weight gain remains 
constant (Fig. 3.56). When MCM content is further increased 
to 2 y« keeping C level at 0.3 % , weight gain further 
increases (Fig. 3.55 a and b). When C content is increased 
keeping MCM and P levels constant, there is either no change 
or very slight increase in weight gain. When P content is 
increased from 0.3 to 0.8 %, there is invariably a decrease 
in weight gain in all compositions and at all treatment 
times. However, rate of oxidation in the initial period 
of oxidation is marginally higher than Cu-containing compacts 
and significantly higher than Ni and Mo-containing compacts. 
However, constancy in weight is achieved at 60 minutes of 
steam treatment period (Fig. 3.56). 
When the steam oxidation temperature is increased 
from 450 to 500°C, variation of weight gain with steam 
treatment time as a function of composition remains uncha-
nged (Fig. 3.57). With further increase of steam oxidation 
temperature to 527°C, the pattern of curve remains the same 
but magnitude of weight gain decreases. However, the effect 
of higher . c, MCM or P in increasing or decreasing the extent 
of oxidation becomes more evident and uniformily defined 
(Fig. 3.58). 
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It is observed that with increase of steam oxidation 
temperature (Figs. 3.57-3.60), maximum in weight gain is 
arrived at shorter and shorter period of steam treatment 
successively. 
3.3.1.5 PASC-MVM-C compacts 
At a treatment temperature of 450°C, the effect of 
adding 0.3 ?i C and 1 % MVM in increasing weight gain of 
sintered powder compacts from PASC30 and PASC80 are almost 
exactly similar to that observed in case of MCM- containing 
compacts (Figs. 3.56 and 3.61). The effect of increasing 
MVM and C contents are also similar. 
With increase in steam oxidation temperature to 500°C 
and onwards (Figs. 3.62-3.65), magnitude of weight gain 
decreases upto 527°C (Figs. 3.61-3.63) and then increases 
again (Figs. 3.64 and 3.65). However, maximum in weight 
gain is reached at ever decreasing treatment time with 
increasing steam oxidation temperature. Maximum in weight 
gain seems to have occurred at 45 to 50 minutes of treatment 
times. 
3.3.2 Hardness of steam treated samples 
3.3.2.1 PASC-Cu-C compacts 
With increase in steam oxidation time hardness 
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increases (Fig. 3.66a) in case of PASC30 sintered powder 
compacts treated at 450°C. When 0.3 % C and 1 ;t Cu are 
added to PASC30 powder compacts, there is no change in 
variation of hardness with steam treatment times. The 
benefit of sintered hardness by 0.3 % C and 1 >6 Cu is 
carried over in steam treated case. When Cu- content is 
increased to 1 % keeping C at the same level of 0.3 % , 
there is a significant improvement in steam treated hard-
ness and that hardness goes on increasing with increase 
in treatment times upto 60 minutes after which it remains 
constant (Fig. 3.66a). When C content is increased from 
0.3 to 0.6 % at 1 jC Cu- level, there is a small improve-
ment in hardness due to steam treatment. At higher C 
content of 0.6 %, when Cu- content is increased from 1 to 
2 % , hardness increases with steam oxidation time but 
effect of steam treatment is marginal and much less than 
that in case of 0.3 % C- containing PASC30 powder compact. 
When P-content is increased from 0.3 to 0.8 % , there does 
not appear to be any benefit of steam treatment on hardness 
and variation of hardness with time of steam oxidation as a 
function of alloying elements remains unchanged except that 
significant benefit of increasing Cu content over steam 
treated hardness is evident at 0.6 % C level (Fig. 3.66 b). 
When steam oxidation temperature was increased fraai 
• <] 
-, D 3 D 
Q O U O 
^ C>< r - CM 
I I I I 
O O O O 
CO CO CO t o 
• • • • 
o o oo 
t i l l 
o 
CD 
<-> 5 5 - ~ 
U) 
< 
CL 
O • <I 4 Q 
o 
CO 
o 
I/) 
< 
CL 
{ ) 
^ 
1 
O 
CO 
o 
I 
•<* 
3 D 3 
O O O 
C<i t - C^ J 
1 t 1 
O O O 
CO CO CO 
O O O 
1 1 1 
^ ,^^ 
O 4 • 
o 
CD 
CO 
O 
CO 
CO 
o 
CM 
If) 
o 
CD 
in 
o 
CM 
O 
CD 
IT) 
~1 <J 
O 
Cvl 
O 
o 
O 
l O 
L. 
D 
O 
Vl ft) 
D 
C 
a 
E 
ft) O 
E •;: 
o 
E 
o 
ft) 
•*-> 
CO 
CO 
CO 
LL 
OLAH ssaup jDH 
82 
450 to 500°C, the re occurs an increase in hardness with 
steam treatment times upto over 45 minutes in PASC30 as 
well as PASC80 s in tered powder compacts (Fig . 3 .67) . 0.3 5^  
C and 1 % Cu addi t ion do not give any hardness benef i t due 
to steam treatment (Figs . 3.67 a and b ) . When copper 
content i s increased fr<Mii 1 t o 2 X keeping C-level same, 
the re occurs s ign i f i can t improvement in hardness with 
increase in steam oxidation period upto ce r t a in time. 
However, when C content i s increased from 0.3 to 0.6 /i 
keeping Cu^level constant , there i s hardly any improvement 
i n hardness of steam t rea ted samples due t o increase in 
C-contents only (Fig. 3.67). However, steam treatment 
upto 45 minutes, br ings about s ign i f i can t improvement in 
hardness over as s in tered hardness of each a l loy composition. 
Magnitude of increase in steam t r e a t e d hardness i s more in 
case of higher Cu-containing compacts as compared t o t h a t 
in case of higher C-containing ccanpacts (Fig . 3 .67) . 
When steam oxidation teapera ture was increased t o 
527°C (Fig. 3.68) , va r i a t ion of hardness with steam treatment 
period i n respect of increasing Cu, C or P-content remains 
unchanged. However, magnitude of increase in hardness due 
t o steam oxidation marginally increases in a l l the composi-
t ions as compared t o tha t t r ea ted a t 500°C (Figs . 3.67 and 
3.68) . 
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Wlaen steam treatment temperature was further 
increased to 550°C (Fig. 3.69) nature of plot remains 
qualitatively same. However, improvement in hardness due 
to steam treatment is less and maxiaim in hardness is 
achieved at 6o minutes of treatment times which is more 
evident in case of PASC80 sintered powder compacts (Fig. 
3.69 a and h). 
When steam oxidation temperature was further 
increased to 600®C (Fig. 3.70), there is no change in 
the variation of hardness with steam oxidation period. 
Improvement in hardness of PASC30 powder compact due to 
steam treatment is carried over in other alloy compositions 
except that increase in Cu- content from 1 to 2 % signifi-
cantly increases steam treated hardness. In general, 
saturation in hardness after steam treatment is arrived 
•arlier in higher Cu- containing compacts and to a lesser 
extent in higher P- containing compacts. 
3.3.2.2 PASC-Ni-C compacts 
At steam oxidation temperature of 450°C, in case 
of PASC30 sintered powder compacts, addition of 0.3 % C 
and 1 % Cu does not produce effect of alloying elements on 
steam treated hardness (Fig. 3.71). When Ni- content was 
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increased frcxa 1 to 2 ^  keeping C- level constant there 
is increase in hardness with increase in steam oxidation 
period. Such an effect is aot observed when C- content is 
increased from 0.3 to 0.6 ji keeping Ni- level constant. 
Increase in P- content from 0.3 to 0,8 ^ does not affect 
hardness after steam treatment at 450°C (Fig. 3.71 a and 
b). Saturation in hardness is observed at or above 60 
minutes of treatment period. 
When steam oxidation temperature was increased to 
500°C (Fig. 3.72), there occurs a significant increase in 
hardness after steam treatment upto 60 minutes of oxidation 
period after which hardness is levelled off in compacts 
based on PASC30 as well as FASCBO powders. Level of incre-
ase in hardness after steam treatment increases as compared 
to that observed in case of 450 C steam treatment (Fig, 
3.71 and 3.72). 
When steam treatment temperature was further incre-
ased to 527°C, effect of 0.3 % C and 1 5^  Ni on steam treated 
hardness is significant in case of PASC30 as well as PASC80 
sintered powder ccaapacts (Fig. 3.73). However, there is 
significant effect of higher amount of alloying elements 
on steam treated hardness over that of as sintered compacts, 
particularly in case of compacts containing higher amount 
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of Ni. In case of Ni- containing compacts, effect of 
higher amount of phosphorus on hardness due to steam 
treatment alone is insignificant. 
When steam treatment temperatiire was further 
increased to 550 and 600°C (Figs. 3.74 and 3.75), variation 
of hardness with steam treatment time remains unchanged. 
Rather, there is a slight reduction in bulk hardness of 
steam treated samples as compared to that observed in 
case of 527°C treatment (Fig. 3.73). Saturation in hardness 
of steam treated samples is achieved at times of 60 minutes 
or lower and at higher teinperatures, saturation is achieved 
earlier (Fig. 3.73-3.75). 
3.3.2.3 PASC-Mo~C compacts 
At a temperature of 450°C, when 0.3 % C and 1 % Mo 
are added to PASC30 powder compacts there is significant 
increase in hardness with steam treatment time (Fig. 3.76a). 
When P-content is increased from 0.3 to 0.8 % hardness bene-
fit brought about by 0.3 ?f C and 1 •/ Mo in case of steam 
treated samples is much higher (Fig. 3.76b). At 1 ^  Mo 
level, when C content is increased from 0.3 to 0.6 '/, there 
is only marginal increase in hardness of steam treated 
samples. This effect of increase of C- content on hardness 
of steam treated sample remains unchanged even at higher 
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Mo- level of 2 %, Similar situation prevails when Mo-
content is increased frcaa 1 to 2 % at equivalent C or P-
level (Fig. 3.76 a and b). Saturation in hardness is 
achieved at 60 minutes of treatment times or higher. When 
stesuH oxidation temperature was increased to 500°C, varia-
tion of hardness with steam treatment time in respect of 
effect of C, P or Mo remains qualitatively unchanged (Fig. 
3.77). Howeirer, there occurs a significant increase in 
hardness of steam treated samples over that of as sintered 
compacts in case of all caapositions of compacts. Effect 
of increase of Mo from 1 to 2 ^  in increasing hardness of 
steam treated samples is considerable (Fig. 3.77) while 
there is marginal effect of increase of P on hardness 
improvement of steam treated samples. The time required 
to reach maximum hardness during steam treatment is also 
shortened to less than 60 minutes and in some cases is 
Induced to 45 minutes (Fig. 3.77) at higher Mo and P contents. 
When temperature of steam treatment is further incr-
eased to 527°C, there is no qualitative change in variation 
of liardness with time (Fig. 3.78) but increase in hardness 
due to steam treatment is higher as caapared to those 
observed in case of lower temperature steam treatment 
(Figs. 3.76-3.78). In many compositions, an increase in 
hardness of ^ to 60 % over that of as sintered samples is 
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achieved after steam treatment for 45 to 60 minutes. One 
I important point to note is that even increase of C- content 
from 0.3 to 0.6 % marginally increase hardness of steam 
tiseated samples. However, effect of increase of Mo- content 
from 1 to 2 )C in enhancing the hardness of steam treated 
samples is much more considerable. 
When steam treatment temperature is further increased 
to 590 and 600°C there occurs a slight decrease in hardness 
after steam treatment (Figs. 3.79 and 3.80) but nature of 
the curve remains qualitatively same. The time required 
to achieve saturation value of hardness is also unaffected 
by increase in st«am oxidation temperature above 527°C. 
Effect of increase of C fr<ai 0.3 to 0.6 ^ does not deter-
iorate hardness after steam treatment in any composition 
of PASC-Mo-C compacts at any treatment temperature and 
for any period of steam treatment (Figs. 3.76-3.80). 
3.3.2.4 PASC-MCM-C compacts 
As already stated in first chapter MCM contains 
Mn, Cr, Mo. 
In case of PASC30 sintered powder compacts, when 
0.3 y. C and 1 i- MCM are added, there occurs a significant 
increase in hardness with steam treatment period which 
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goes on increasing upto at least 60 minutes of treatment 
at 450°C. When C contents are increased from 0.3 to 0.6 ^ 
keeping MCM at 1 ^ 4 level, there occurs a significant 
increase in hardness (Fig. 3.81) contrary to the behaviour 
observed in case of other alloy systems described earlier. 
However, when MCM content is increased from 1 to 2 ?1 
keeping C at 0.3 % level, hardness is still higher. Simi-
lar behaviour of increase in hardness after steam treatment 
due to the effect of C or MCM is observed at higher C or 
MCM levels. Saturation in hardness is achieved at 60 
minutes of steam treatment time in case of PASC30 based 
sintered powder compacts while at 75 minutes of treatment 
time in case of PASC80 based powder compacts (Fig. 3.81 
a and b). Further, hardness improvement in case of 
PASC80 based powder compacts after steam treatment is 
generally lower. 
When steam oxidation temperature is increased to 
500°C, the variation of hardness with steam treatment time 
as a function of C, P or^MCM remains same except that 
PASC80 based powder compact gives higher steam treated 
hardness as compared to PASC30 based powder compacts as 
observed in earlier systems, although contribution to 
total steam treated hardness is also due to improvement 
in sintered hardness because of presence of higher amount 
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of P (Fig. 3.82 a and b). Time of steam treatment 
required for getting the maximum in hardness values is 
shortened to 60 minutes in case of PASC80 based powder 
compacts (Fig. 3.81 b and 3.82 b). 
When steam oxidation temperature was increased to 
527°C, variation of hardness with steam treatment time in 
respect of effect of alloying elements remains unchanged 
(Fig. 3.83), but time required for reaching saturation 
value of hardness is further shortened to less than 60 
minutes and occasionally 45 minutes, particularly at 
higher level of 0.6 ?t C and 2 % MCH in both PASC30 and 
PASC80 based powder compacts. However, the magnitude of 
increase in steam treated hardness of higher MCM and 
carbon containing compacts are particularly high, of the 
order of 80 % in case of samples treated at both 500 and 
527°C (Figs. 3.82 and 3.83). 
When steam oxidation temperature is further incre-
ased to 550 and 600°C (Figs. 3.84 and 3.85), increase of 
hardness with steam treatment time remains unchanged. 
However, increase in hai*dness after steam treatment decr-
eases and time required for attaining saturation in hard-
ness value is also increased to about 60 minutes (Figs. 
3.84 to 3.85). 
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3.3.2.5 PASC-MVM-C compacts 
In case of PASC30 or PASC80 sintered powder compacts, 
steam treated at 450°C, there occurs, in general, an increase 
in hardness with increase in treatment time upto at least 
60 minutes after which it remains constant at all composi-
tions of C or MVM (Fig. 3.86a). Effect of adding 0.3 "h C 
and 1 i^ MVM on steam treated hardness of FASCBO sintered 
powder compact is higher than that of PASC30 powder compact 
(Fig. 3.86 a and b). When C content is increased from 0.3 
to 0.6 % keeping MVM level constant, there is no improvement 
in hardness after steas treatment due only to C at either 
P or MVM levels (Fig. 3.86), and improvement in sintered 
hardness due to increase in C-content is carried over in 
steam treated case. However, in general, increase of MVM 
content from 1 to 2 % marginally increases hardness of 
steam treated samples. Higher P-content gives higher 
hardness benefit after steam treatmfflat in case of MVM-
containing ccMipacts. However, hardness level achieved in 
case of MVM- containing compacts is much lower than in 
case of MCM containing compacts (Fig. 3.81 and 3.86). 
When steam oxidation temperature was increased 
from 450 to 500°C, variation of hardness with steam treat-
ment time in respect of C, P or MVM contents remains 
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unchanged (Fig. 3.87). However, the difference in magni-
tude of hardness benefit between MCM- and MVM- containing 
steam treated samples is narrowed down and is lower (Figs. 
3.82 and 3.87) as compared to that observed in case of 
450°C steam treatment (Figs. 3.81 and 3.86). 
When steam oxidation temperature was further incr-
eased to 527®C, nature of curve remains qualitatively 
unchanged (Fig. 3.88). However, saturation in hardness 
values is achieved at steam oxidation period of at or lower 
than 60 minutes. Further, the difference in hardness values 
between MCM- and MVM- containing steam treated samples is 
further narrowed down (Fig. 3.83 and 3.88). Also, effect 
of increasing C or MVM contents keeping the other elements 
constant on improvement in hardness of steam treated 
samples becomes obvious. 
There is almost no change in variation of hardness 
with steam treatment period when steam oxidation temperature 
is further increased to 550 and 600°C (Figs. 3.89 and 3.90). 
3.3.3 Structural studies 
Microstructural examinations of steam treated samples 
were carried out in two parts. Optical metallography of 
all compositions in each of the five alloy systems steam 
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treated at 450 (the minimum temperature of oxidation), 
527 (the near optimum ascertained by preliminary studies 
and results of hardness and weight gain) and 600°C (the 
highest temperature used) for 45 and 120 Boinutes were 
carried out. However, in many situations, no new quali-
tative or even quantitative informations are obtained and 
hence only selected few have been reported in this 
chapter. Among the selected few also, since variation 
in composition is often low and time and temperature of 
oxidation used are within the application range, the 
influence of such factors on change of micrestructure is 
not noticable. However, some of the reported microstruc-
tures are for completeness. All the micrestructures repor-
ted are at transition zone i.e., at oxide and matrix layer. 
In many cases oxide layers produced were very thin or non-
uniform at lower temperatxire or longer period of oxidation, 
effort has been made to preserve them. While in other 
situations, oxide layers were occasionally brittle and 
cracked during grinding and polishing and so sometimes 
gives micrestructure which is not in confirmity with 
weight gain and hardness data. 
Scanning electron microscopy of one composition in 
each alloy system at both the levels of C, steam treated 
at 527°C for 120 minutes have been carried out. The 
93 
purpose of this study was to show oxide layer, distinction 
between pores and second phase particles and to differen-
tiate between type, nature and shape of phases in pearlite 
or transformation products in sintered and steam treated 
samples. 
3.3.3.1 PASC-Cn-C compacts 
3.3.3.1.1 Optical metallography 
In case of PASC30 sintered cc«pacts, although pores 
are not «pheroidal in shape, they are isolated (Fig. 3.91a). 
Only surface seems to have oxidized at a steam oxidation 
temperature of 450°C for 45 minutes. When 0.3 '/ C and 1 •/. 
Cu are added to sintered PASC30 powder compacts, there is 
increase in thickness of oxLde layer and some oxidation 
seems to have occurred in the open'channels and inter-
connected pore network (Fig. 3.91b). When C content is 
increased treat 0.3 to 0.6 % micros true tural study does not 
show any change in oxide.layer but the matrix shows signi-
ficant increase in^  proportion of pearlite in sintered 
compact (Fig. 3.91c). Steam oxidation does not seem to 
have changed the nature or morphology of phases. When 
P-content was increased from 0.3 to 0.8 /t oxidation rate 
invariably decreases (Fig. 3.92). However, higher amoimt 
of P is found to increase the grain size. Matrix of PASC80 
(a) PASC30 
PASC30-0-3C - ICu (c) PASC30-0-6C-1CU 
Fig. 3-91 
(a) PASC80 
(b) PASC80-0-3C-1CU (c) P A S C 8 0 - 0 - 3 C - 2 C u 
Fig.3-92 
9k 
sintered and steam oxidized compact is single phase 
ferritic with pores along the grain boundaries which 
have occasionally oxidized if exposed to steam (Fig. 
3.92 a). 0.6 >i C addition does not significantly change 
the phase and the grain size and it appears that this 
amount of C is retained in the ferritic phase (Fig. 3.92 b) 
Higher amount of Cu simply brings about non-homogeneity in 
structure. (Fig. 3.92 c). 
When steam oxidation temperature was increased from 
450 to 527°C, there is no qualitative change in the struc-
ture of the matrix but oxide layers developed seem to be 
more vmiform and well defined structurally (Fig. 5.93 a, 
b and c). When steam oxidation period was increased from 
45 to 120 minutes at 527°C, deeper penetration of steam 
and interdiffusion of oxygen and metal seems to have 
occurred; oxide layers produced are also irregular and 
hazy (Fig. 3.94 a and b). Keeping the steam oxidation 
temperature constant, when P-content was increased fran 
0.3 to 0.8°/, larger grains with well defined grain 
boundaries are obtained which are characteristic of the 
effect of P on sintering (Fig. 3.95 a). However, when 
0.6 % C and 1 */. Cu are introduced into PASC80 powder pre-
mixes and compacts sintered and steam oxidized, pearlitic 
phase in the matrix is fine and there appears to be 
$•'.4 
(a) PASC30 
( b ) .PASC30-0-3C-2CU (c) PASC30-0 -6C- ICu 
Fig.3-93 

( a ) PASC30 ( b ) PASC30-0-3C-2CU 
Fig. 3-94 
(b) PASC80-0-6C - ICu 
Fig.3-95 
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dispersion of some other phase as well (Fig. 3.95 b) 
which i s surpr iz ingly l e s s evident a t higher steam oxida-
t ion temperatures (Fig. 3.96 a and b ) . 
3 .3 .3 .1 .2 Scanning electron microscopy 
Scanning e lec t ron microscopy study of PASC30-0.3C-
2Cu s intered and steam t rea ted compact a t 527°C for 120 
minutes shows in terd i f fus ion of C and oxygen (Fig . 5.97 a) 
which show two oxide p a r t i c l e s within the matrix. There 
are indica t ions of some oxygen mobili ty along the grain 
boundary a l so . Increase of P-content from 0.3 to 0.8 i^ 
keeping C and Cu contents constant confirms the r e s u l t s 
of opt ica l microscopy (Fig. 3.92) tha t 0.3 % C i s taken 
i n to sol id solut ion with phosphorus f e r r i t e (Fig. 3.98). 
When C content i s increased to 0.6 % in case of PASC30-
2Cu compact, proportion of p e a r l l t e increases and a t 
majority of places very regular , well oriented and lame-
l l a r p e a r l i t e i s obtained (Fig. 3.99). Higher amount of 
P i s again responsible for re ten t ion of C in s ingle phase 
sol id solut ion s t a t e (Fig. 3.100). 
3 .3.3.2 PASC-Ni-C compacts 
3 .3 .3 .2 .1 Optical metallography 
At a steam oxidation temperature of 450°C t r ea ted 
(a) P A S C 3 0 - 0 - 3 C - 2 C u (b) PASC30-0-6C-1CU 
Fig. 3-96 
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for 45 minutes, reasonably defined oxide layers i s obtained 
in case of PASC30-0.3C-Ni compact (Fig. 3.101 a ) . Effect 
of steam oxidation on matrix s t ruc ture i s ins ign i f i can t . 
Higher C content increases the proportion of f ine p e a r l i t i c 
phase. (Fig. 3.101 b ) . When P-content i s increased from 
0.3 to 0.8 % a t equivalent C and Ni- contents , C i s taken 
in to solut ion and proportion of f e r r i t e increases in the 
matrix (F igs . 3.102) with associated pore rounding. When 
steam oxidation period was increased to 120 minutes, extent 
of oxidation increases , grain polygonizes, diffusion of 
oxygen i s more extensive and decomposition of some other 
phases are indicated (Fig. 3.103). When steam oxidation 
temperature was increased from 450 to 527°C maintaining 
both C and Ni- contents constant , there i s no change in the 
matrix s t ruc tu re (Fig. 3.104), and uniformity of the oxide 
layer but thickness of scale increases and oxide l aye r 
appears to be more compact and dense (Figs. 3.101 and 
3.104). increase in P-content from 0.3 to 0.8°/, a t the 
same leve l of other alloying elements present in sintered 
s t ee l and a t the same condition of steam treatment , simply 
spheroidizes the pores in the matrix and decreases the 
proportion of p e a r l i t e there by decreasing the oxide 
thickness marginally (Fig. 3.105). Increase in time of 
oxidation from 45 to 120 minutes a t 527°C of treatment 
(a) PASC30- 0-3C- INi (b) PASC30- 0-6C-1Ni 
Flg.3-101 
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Fig. 3-102 
(a ) PASC80 - 0 - 5 C - IN I PASC80 - 0 - 6 C - 2Ni 
F ig . 3-103 
(a) PASC30-0-3C - INt (b) P A S C 3 0 - 0 - 6 C - 2Ni 
F ig . 3-104 
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(a) PASC80-0-3C - IN i (b) PASC80-0-6C- INi 
Fig. 3-105 
l ayer becomes s l i gh t l y non-uniform and hazy. Proportion 
of p e a r l i t e also decreases in the v i c i n i t y of t r a n s i t i o n 
zone and there appears to have occurred some sh i f t in oxide 
layer and a change in the cons t i tuent of oxide. Increase 
in temperature fur ther to 600°C decreases the proportion 
of p e a r l i t e in the matrix near the oxide l aye r (Fig. 3.107). 
Higher amount of phosphorus decreases the proportion of 
p e a r l i t e which i s again increased by Ni and C contents 
(Fig . 3.108). When steam oxidation time was increased to 
120 minutes a t the same temperature and composition, oxi-
dation i s increased both a t the surface and in the i n t e r i o r 
and non-uniformity in de f in i t ion and composition of oxide 
l ayers are apparent (Fig. 3.109 a and b ) . 
3 .3 .3 .2 .2 Scanning electron microscopy 
Scanning e lec t ron p ic tu re of PASC30-0.3C-2Ni s in tered 
compact steam t r ea t ed a t 527°C for 120 minutes shows non-
uniform and thick oxide layer (Fig. 3.110). Oxidation seems 
to have occurred within the matrix and i s more in tense as 
compared to iden t i ca l Cu-containing oxidized compacts (Fig. 
3 .97) . The proportion of p e a r l i t e in the matrix i s s l i g h t l y 
more in case of Ni- containing compacts while j u s t near the 
oxide layer i s more in case of Cu- containing compacts. The 
(a) P A 5 C 8 0 - 0 - 3 C - I N J ,(b) PASC80 - 0-6C - 2 Ni 
,Fig. 3-106 
(a) PA5C30- 0-3C - IN i (b ) P A S C 3 0 - 0 - 6 C - 2Ni 
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Fig. 3-108 
(a) PASC30- 0 -3C- IN i (b) PASC30- 0-6C - 2Ni 
F ig. 3-109 
( c ) 
PASC30- 0-3C - 2Ni 
F ig . 3-110 
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p e a r l i t i c s t ruc tu re in Ni- containing compact appears to 
be textured while in case of s imi lar Cu- containing ccanpact 
i s randomly oriented (Figs. 3.97 and 3.110). Increase in 
P-content to 0.3 % reduces the proportion of p e a r l i t e (Fig. 
3.111) in the matrix and decreases the thickness of oxide 
l ayer . In case of PASC80-0.3C-2Ni s in tered compact and 
steam t rea ted a t 527°C even upto 120 minutes of steam oxi-
dation gives a well defined and uniform oxide l aye r . 
However, oxidation seems to have occurred within and on 
the periphery of the pores (Fig. 3.111 a,b and c ) . Pro-
port ion of p e a r l i t e i s a lso more in case of higher P, Ni-
containing compacts as compared t o i den t i ca l Cu-containing 
compacts (Figs . 3.98 and 3.111). 
The p ic ture of PASC30-0.6C-2Ni s in tered compact 
steam t rea ted for 120 minutes a t 527°C shows thick oxide 
l aye r (Fig. 3.112), th icker than in case of Cu-containing 
compact having iden t i ca l chemistry and steam treatment 
condit ions undergone (Fig. 3.99). The microstructure in 
the matrix i s almost ful ly p e a r l i t i c with uniform lamellae 
of carbide and f e r r i t e oriented in de f in i t e d i rec t ion . 
Higher amount of phosphorus decreases the p e a r l i t i c c o n s t i -
tuent and decreases the thickness of oxide layer (Fig.3.113) 
(c) 
PASC80 - 0 - 3 C - 2Ni 
F ig . 3-111 
( a ) 
(c) 
PASC30- 0 - 6 C - 2N i 
F ig . 3-112 
( b ) 
(c) 
PASC80 - 0-6C - 2Ni 
F ig . 3-113 
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3.3 .3 .3 PASC-Mo-C compacts 
3 .3 .3 .3 .1 Optical metallography 
At steam oxidation temperature of 450°C for 4^5 
minutes of treatment time, th in but uniform oxide layer 
i s obtained in case of PASC30-0.3C-2Mo compact (Fig. 3.114). 
Increase of C content to 0.6 % does not change the micro-
s t ruc tu re of oxide layer . With an increase in P-content 
from 0.3 to 0.3 % there i s no change in qua l i t a t i ve nature 
of oxidation but matrix grains are la rge and more uniform 
(Fig. 3.115). Increase in oxidation period gives in tens ive 
oxidation both a t the surface and in the i n t e r i o r (Fig . 
3.116). 
Increase in steam oxidation temperature to 527°C 
shows r e l a t i v e l y uniform oxide l aye r with non-uniform 
microstructu2?e, Jus t below the surface (Fig. 3.117). 
There are indica t ions of oxidation around the pores and 
second phases and non-uniformity in s ize of grains of 
d i f f e ren t phases. When phosphorus content was increased 
from 0.3 to 0 . 8 " / (Fig. 3.118), proportion of second 
phases increase but uniformity and de f in i t ion of l aye r s 
improves. Increase in oxidation period to 120 minutes 
enhances the oxidation ra te and gives ring of oxide/second 
phases around pores and some of the matrix grains (Fig. 
(a) P A S C 3 0 - 0 - 3 C - 2 M o (b) 
Fig. 3-114 
PASC30- 0-6C- IMo I 
4 
(a) PASC80-0 -3C - 2Mo (b) PA5C80 - 0-6C - IMo 
Fig. 3-115 
(a) PASC80- 0-3C- 2Mo (b) PASC80 - 0 -6C- IMo 
Fig. 3-116 
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(a) PASC80- 0 -3C- 2Mo 
P A S C 8 0 - 0 - 6 C - 2 Mo 
F ig . 3-118 
PASC80-0-6C-2MO 
Fig. 3-119 
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3.119). When steam oxidation temperature was increased, 
matrix grains becomes uniform, oxidation increases but 
the layer of oxide appears t o have shif ted and reduced 
(Fig. 3.120). Increase of oxidation period to 120 minutes 
a t 600°C increases the oxidation r a t e s ign i f i can t ly , 
reduces the proportion of p e a r l i t i c and carbidic phase 
and causes oxidation around and within the pores/second 
phase p a r t i c l e s (Fig. 3.121). Increase in P-content from 
0.3 to 0.8 % improves the oxide layer in respect of 
de f in i t ion and increases the s ize of the grains (Fig. 3.122). 
3 .3 .3 .3 .2 Scanning electron microscopy 
Scanning electron p ic tu re shows (Fig. 3.123 a) 
tha t Mo-containing compact in general gives sharp and well 
defined gra ins . Steam oxidation a t 527°C for 120 minutes 
gives non-uniform oxide layer . Matrix cons i s t s of d i f f e -
rent phases (Fig. 3.123 b ) , a p e a r l i t i c type phase, a 
carbidic phase and some grains appear to have some p r e c i -
p i t a t e p a r t i c l e s (Fig. 3.123 b and c ) . Increase in P-
content to 0.3 % decreases the thickness of oxide layer 
and proportion of phases other than f e r r i t e matrix (Fig . 
3.124). All the multiphase s t r uc tu r a l cons t i tuents appear 
to be oriented in c h a r a c t e r i s t i c d i rec t ion (Fig. 3.124 b 
and c ) . Evidence of l a rge number of big s ize pore appears 
(a) PASC30-0 -3C-2MO (b) PA5C 30 - 0-6C - IMo 
F ig . 3 -120 
PASC30 - 0-6C- IMo 
Fig. 3-121 
P A S C 8 0 - 0 ' 6 C - IMo 
Fig. 3-122 
( c ) 
P A S C 3 0 - 0-3C - 2Mo 
F ig .3-123 
Cc) 
P A S C 8 0 - 0-3C- 2Mo 
F ig . 3-124 
101 
t o be due t o cracking and removal of some hard phase during 
grinding and pol i sh ing . 
Increase in C content to 0,6 % increase the proporr 
t ion of double phase cons t i tuent (Fig . 5.125). Some of 
these double phase cons t i tuent seems t o be p e a r l i t i c while 
other whose length i s too short and are acc icu la r i n 
nature appear t o be b a i n i t i c , mar tens i t ic or some mixed 
carbides . When phosphorus was increased to 0.8 % there 
i s a small reduction in double phase const i tuent ( pea r l i t e ) 
but the amount of second and f ine phase increases (Fig. 
3.126). 
3 .3 .3 .4 PASC-MCM-C compacts 
3 .3 .3 .4 .1 Optical metallography 
In case of PASC30-0.3C-1MCM s in te red compact, 
oxidation i s considerable a t a treatment temperature of 
450 C for 45 minutes. Oxidation occurs a lso within 
i n t e r i o r of the sample (Fig, 3.127a) through interconnected 
channel. Increase of C content to 0.6 % increases the 
proportion of double phase cons t i tuent (Fig. 3.127b). 
Increase of steam oxidation period from 45 to 120 minutes 
increases the extent of oxidation in the body of the sample 
(Fig. 3.128). Increase in phosphorus content from 0.3 to 
. mii,^tsm}m 
I'H LI u' C . -i r^ 1 1 kl 
1 
v*^ 
L* * - ^ c 
( b ) 
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' • ^ ^ ; ^ ^ ^ 
(c) 
P A 5 C 3 0 - 0 - 6 C - 2 Mo 
Fig. 3-125 
( c ) 
P A 5 C 8 0 - 0 -6C- 2Mo 
F i g . 3 -126 
(a) PASC30- 0-3C -1MCM ( b ) PASC30- 0-6C- 1MCM 
Fig. 3-127 
(a) PASC30- 0-3C- 1MCM (b) PASC30-0-6C-1MCM 
Fig. 3-128 
102 
to 0.8 % decreases the oxidation (Fig. 3.129). However, 
some big pores are observed in case of samples containing 
0.6 % C and 2 % MCM (Fig. 3.129 d ) . Increase in oxidation 
period to 120 minutes makes oxide l ayers non-uniform (Fig. 
3.130). Presence of mixed phases in the matrix of the 
steam t rea ted samples are evident in case of higher MCM-
containing samples (Figs . 3.130 b and d) . Increase in 
temperature of steam treatment from 450 to 527°C gives 
r e l a t i v e l y xmiform s t ruc tu re both in the matrix and the 
sca le (Fig. 3.131). However, evidence of non-uniform and 
mixed type s t ruc ture i s more in t h i s case (Fig. 3.131 b ) . 
Increase in phosphorus content from 0.3 to 0.3 % decreases 
the thickness of oxide l ayer (Fig. 132). Longer steam 
treatment period gives th icker oxide layer and makes the 
microstructure of the matrix non-uniform with big pores 
a t loca l ized regions (Fig. 3.133). Increase in oxidation 
temperature to 600 C appears to have increased the number 
of phases (Fig. 3.13^), p a r t i c u l a r l y in higher MCM-contain-
ing compacts (Fig. 3.135). However, a t lower C, MCM and P 
content , s t ruc ture i s r e l a t i v e l y uniform (Fig. 3.136). 
Comparision of microstructure for d i f fe ren t composition 
shows tha t higher MCM increases the proportion of p e a r l i t i c 
or double phase cons t i tuent (Fig. 3.137 a and b ) . Increase 
in C content na tu ra l ly increases the p e a r l i t i c cons t i tuent 
(Fig. 3.137 b and c ) . 
(a) PASC80-0-3C-1MCM 
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(a ) P A S C 8 0 - 0 - 3 C - 1MCM (b) PASC80-0 -3C - 2MCM 
(c) PASC80 - 0 -6C- 1MCM (d) PASC80-0-6C - 2 M C M 
Fig. 3 -130 
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Fig. 3-131 
(a) P A S C 8 0 - 0 3 C - 2MCM ( b) PASC80 - 0-6C - 2 MCM 
Fig. 3-132 
P A S C 8 0 - 0 - 6 C - 1MCM 
Fig. 3-133 
PASC30-0 -6C-1MCM 
Fig. 3-134 
PASC80- 0-6C - 2MCM 
Fig. 3-135 
PASC30-0 -3C- 1MCM 
Fig. 3-136 
(a) PASC80 - 0-3C- 1MCM 
(b) PASC80-0-3C-2MCM (c) PASC80 - 0-6C - 2MCM 
Fig. 3-137 
(b) 
( c ) 
PASC30 - 0 - 3 0 - 2 M C M 
Fig. 3.138 
(c) 
PASC80 -0 -3C - 2MCM 
Fig . 3-139 
(c) 
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F i g . 3-140 
( c ) 
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Fig. 3-142 
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r e s u l t s i n t o increased oxidation (Fig . 3.1^3). Increase in 
P-content gives l e s s oxidation (Fig . 3 .1^^ a and b) and 
proportion of second-phase cons t i tuen t increases with 
increase in C-content (Fig. 3 . 1^^ c and d) . Increase in 
oxidation temperature to 527°C gives b e t t e r micrestructure 
but does not s ign i f i can t ly improve def in i t ion and unifor-
mity of oxide layers (Fig. 3.1^5). In general , microstruc-
ture of MVM-containing compacts are s imilar to tha t observed 
in case of MCM-containing compacts (Figs. 3.127-3.1^1 and 
3.142-3.15^). Increase in oxidation temperature t o 600°C 
brings about heterogeneity in the s t ruc tu re of the matrix 
as well as oxide layer (Fig. 3 . 1 ^ ) . The thickness of 
oxide layer and extent of oxidation increases with increase 
in steam treatment period (Fig. 3.1^9). Higher amount of 
phosphorus decreases the extent of oxidation in the matrix 
(Fig. 3.150). 
3 .3 .3 .5 .2 Scanning electron microscopy 
Scanning e lect ron p ic tu re of PASC30-0.3C-2MVM ccMoapact 
steam t rea ted at 527°C for 120 minutes shows big pores in 
the matrix as well as Just near the oxide boundary in the 
form of uniform layer (Fig. 3.151 and 3.153). This l ayer 
of pore decreases s l i g h t l y with increase in P-content (Fig. 
3.152 and 3.154). Higher amount of C increases the propor-
t ion of p e a r l i t i c phase (Fig. 3.153 and 3.15^). 
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3.4 MICROHARDNESS VALUES 
Microhardness values (T&ble I I I . 3 . 3 ) shows tha t in 
case of PASC30 s in tered compact steam t r ea t ed a t 527°C for 
60 minutes there i s hardly any effect of increase of C 
contents on low load hardness values of oxide l a y e r s . How-
ever, when Cu-content was increased from 1 t o 2 % there i s 
a.marginal increase in hardness. Increase of P-content 
does not give any conclusive effect on microhardness values . 
Microhardness values of Ni-containing compacts are 
s l i g h t l y higher than t h a t of Cu-containing ccsapacts. How-
ever, increase of Ni-content from 1 t o 2 ^ general ly 
decreases microhardness value. Increase of C content frcai 
0.3 "to 6,6 *y4 increases microhardness value. 
In case of Mo-containing compacts, increasing Mo-
content invariably increases microhardness value of scale 
a f t e r steam treatment a t 527®C for 60 minutes. Increase 
of C content from 0.3 to 0.6 % keeping Mo-content constant 
does not generally affect microhardness values of PASC30-
Mo-C compact on steam treatment but increases hardness of 
PASC80 based oxidized compact s ign i f i can t ly . Increase in 
P-content from 0.3 t o 0 . 8 % keeping other elements constant 
general ly gives s ign i f i can t increase in hardness in case of 
Mo-containing compacts on subsequent steam oxidation. Micro-
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hardness values of Mo-containing compacts are general ly 
higher than tha t of Ni-containing compacts on steam 
treatment . 
Microhardness values of MCM-containing compacts are 
equivalent or higher than t h a t of Mo-containing compacts 
p a r t i c u l a r l y a t higher carbon content of 0.6 % and P-content 
of 0.8 %, Microhardness value a lso increases general ly with 
increasing MCM-content a t p a r t i c u l a r l eve l of C and P. Effect 
of increase of C-content from 0.3 t o 0.6 % maintaining the 
composition of other al loying elements constant , increases 
microhardness value of PASC80 based s in tered and steam 
t rea ted C(MBpact but hardly af fec ts such values in case of 
PASC30 based compacts. 
After steam treatment, microhardness values of MVM-
containing compacts are general ly s imi lar to t h a t of MCM-
containing compacts. However, magnitude of microhardness 
value a t equivalent composition of a l loying element i s 
general ly lower i n case of MVM containing compact. 
In general increase in oxidation period from 45 t o 
60 minutes, increased microhardness values s l i g h t l y s imi lar 
to t h a t observed in case of PNC based s in tered ccampacts. 
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Fig, 3.^ 1 Weight gain with respect to time of steam 
treatment for s in tered PASC3'0/80-C-Cu a l loys . 
Fig. 3.^2 Weight gain with respect to time of steam 
treatment for s in te red PASC30/80-C-Cu a l loys . 
Fig. 3.^ 3 Weight gain with respect to time of steam 
treatment for sintered PASC30/80-C-Cu alloys. 
Fig. 3 . ^ Weight gain with respect to time of steam 
treatment for s in te red PASC30/80-C-Cu a l l oys . 
Fig. 3.^ 5 Weight gain with respect to time of steam 
treatment for sintered PASC30/80-C-Cu alloys. 
Fig. 3.^ Weight gain with respect to time of steam 
treatment for sintered PASC30/80-C-Ni alloys. 
Fig. 3.^7 Weight gain with respect to time of steam 
treatment for s in tered PASC30/80-C-Ni a l loys . 
Fig. 3 . ^ Weight gain with respect to time of steam 
treatment for s in tered PASC30/80-C-Ni a l loys . 
Fig. 3 . ^ Weight gain with respect t o time of steam 
treatment for s in te red PASC3O/80-C-Ni a l loys . 
J^S* 3.50 Weight gain with respect t o time of steam 
treatment for s in tered PASC30/80-C-Ni a l loys . 
Fig. 3.51 Weight gain with respect t o time of steeua 
no 
treatment for sintered PASC30/80-C-Mo alloys. 
Fig. 3.52 Weight gain with respect to time of steam 
treatment for sintered PASC30/80-C-Mo alloys. 
Fig. 3.53 Weight gain with respect to time of steam 
treatment for sintered PASC30/80-C-Mo alloys. 
Fig. 3.5^ Weight gain with respect to time of steam 
treatment for sintered PASC30/8O-C-Mo alloys. 
Fig. 3.55 Weight gain with respect to time of steam 
treatment for sintered PASC30/80-C-Mo alloys. 
Fig. 3.56 Weight gain with respect to time of steam 
treatment for sintered PASC30/80-C-MCM alloys. 
Fig. 3.57 Weight gain with respect to time of steam 
treatment for sintered PASC30/80-C-MCM alloys. 
Fig. 3.58 Weight gain with respect to time of steam 
treatment for sintered PASC30/80-C-MCM alloys. 
Fig. 3.59 Weight gain with respect to time of steam 
treatment for sintered PASC30/80-C-MCM alloys. 
Fig. 3.60 Weight gain with respect to time of steam 
treatment for sintered PASC30/80-C-MCM alloys. 
Fig. 3.61 Weight gain with respect to time of steam 
t rea tmet i t f o r s i n t e r e d PASC30/80-C-MVM a l l o y s . 
I l l 
Fig. 3.62 Weight gain with respect t o time of steam 
treatment for s in te red PASC30/30-C-MVM a l loys . 
Fig. 3.63 Weight gain with respect t o time of steam 
treatment for sintered PASC30/80-C-M\rM alloys. 
Fig. 3.64 Weight gain with respect to time of steam 
treatment for sintered PASC30/80-C-MVM alloys. 
Fig. 3.65 Weight gain with respect to time of steam 
t;^ eatment for sintered PASC30/80-C-MVM alloys. 
Fig. 3.66 Variation of hardness with time of steam 
treatment for sintered PASC30/80-C-Cu alloys. 
Fig. 3.67 Variation of hardness with time of steam 
treatment for s in te red PASC30/80-C-Cu a l loys . 
Fig. 3.68 Variation of hardness with time of steam 
treatment for sintered PASC30/80-C-Cu alloys. 
Fig. 3.69 Variation of hardness with time of steam 
treatment for sintered PASC30/80-C-Cu alloys. 
Fig. 3.70 Variation of hardness with time of steam 
treatment for sintered PASC30/80-C-Cu alloys. 
Fig. 3.71 Variation of hardness with time of steam 
treatment for s in te red PASC30/80-C-Ni a l loys . 
Fig. 3.72 Variat ion of hardness with time of steam 
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treatment for sintered PASC30/80-C-Ni alloys. 
Fig. 3.73 Variation of hardness with time of steam 
treatment for sintered PASC30/80-C-Ni alloys. 
Fig. 3.74 Variation of hardness with time of steam 
treatment for sintered PASC30/80-C-Ni alloys. 
Fig. 3.75 Variation of hardness with time of steam 
treatment for sintered PASC30/30-C-Ni alloys. 
FLg. 3.76 Variation of hardness with time of steam 
treatment for sintered PASC30/80-C-Mo alloys. 
Fig. 3.77 Variation of hardness with time of steam 
treatment for sintered PASC30/80-C-Mo alloys. 
Fig. 3.78 variation of hardness with time of steam 
treatment for sintered PASC30/8O-C-M0 alloys. 
Fig. 3.79 variation of hardness with time of steam 
treatment for sintered PASC30/80-C-Mo alloys. 
Fig. 3.80 Variation of hardness with time of steam 
treatment for sintered PASC30/8O-C-M0 alloys. 
Fig. 3.81 Variation of hardness with time of steam 
treatment for sintered PASC30/80-C-MCM alloys. 
Fig. 3.82 Variation of hardness with time of steam 
treatment for sintered PASC30/80-C-MCM alloys. 
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Fig. 3.83 Variation of hardness with time of steam 
treatment for sintered PASC30/80-C-MCM alloys. 
Fig, 3.84 Variation of hardness with time of steam 
treatment for sintered PASC30/30-C-MCM alloys. 
Fig. 3.35 Variation of hardness with time of steam 
treatment for sintered PASC30/80-C-MCM alloys. 
Fig. 3.86 Variation of hardness with time of steam 
treatment for sintered PASC30/80-C-MVM alloys. 
Fig. 3.87 Variation of hardness with time of steam 
treatment for sintered PASC30/80-C-MVM alloys. 
Fig. 3.88 Variation of hardness with time of steam 
treatment for sintered PASC30/80-C-MVM alloys. 
Fig. 3.89 Variation of hardness with time of steam 
treatment for sintered PASC30/80-C-MVM alloys. 
Fig. 3.90 Variation of hardness with time of steam 
treatment for sintered PASC30/80-C-MVM alloys. 
Fig. 3.91 Microstructures of sintered and steam treated 
steels showing oxidized layer and matrix region, 
treated at 450°C for 45 minutes. Magnification 
320X, Nital etched. 
Fig. 3.92 Microstructures of sintered sind steam treated 
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steels showing oxidized layer and matrix region, 
treated at A50°C for ^5 minutes. Magnification 
320X, Nital etched. 
Fig. 3.93 Microstructures of sintered and steam treated 
steels showing oxidized layer and matrix region, 
treated at 527°C for 45 minutes. Magnification 
320X, Nital etched. 
Fig. 3.94 Microstructures of sintered and steam treated 
steels showing oxidized layer and matrix region, 
treated at 527°C for 120 minutes. Magnification 
320X, Nital etched. 
Fig. 3.95 Microstructures of sintered and steam treated 
steels showing oxidized layer and matrix region, 
treated at 527^C for 45 minutes. Magnification 
320X, Nital etched. 
Fig. 3.96 Microstructures of sintered and steam treated 
steels showing oxidized layer and matrix region, 
treated at 600°C for 45 minutes. Magnification 
320X, Nital etched. 
Fig. 3»97 Scanning electron microstructures of steam 
treated alloy, treated at 527°C for 120 minutes. 
Fig, 3.98 Scanning electron microstructures of steam 
treated alloy, treated at 527°C for 120 minutes. 
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Fig. 3.99 Scanning e lect ron microstructures of steam 
t rea ted a l loy , t r ea ted a t 527°C for 120 minutes. 
Fig. 3.100 Scanning electron microstructures of steam 
t rea ted a l loy , t r ea t ed a t 527°C for 120 minutes 
Fig. 3.101 Microstructures of s in te red and steam t rea ted 
s t e e l s showing oxidized l aye r and matrix region, 
t r ea ted a t 450°C for 45 minutes. Magnification 
320X, Ni ta l etched. 
Fig. 3.102 Microstructures of s in tered and steam t rea ted 
s t e e l s showing oxidized l aye r and matrix region, 
t rea ted a t 450°C for 45 minutes. Magnification 
320X, Ni ta l etched. 
Fig. 3.103 Microstructures of s in tered and steam t r ea t ed 
s t e e l s showing oxidized l aye r and matrix region, 
t rea ted a t 450°C for 120 minutes. Magnification 
320X, Ni ta l etched. 
Fig. 3.104 Microstructures of s in te red and steam t r e a t e d 
s t e e l s showing oxidized l aye r and matrix region, 
t r ea ted a t 527°C for 45 minutes. Magnification 
32OX, Ni ta l etched. 
Fig. 3.105 Microstructures of s in tered and steam t r ea t ed 
s t e e l s showing oxidized l aye r and matrix region. 
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t rea ted a t 527°C for 45 minutes. Magnification 
320X, Ni ta l etched. 
Fig. 3.106 Microstruetures of s in te red and steam t rea ted 
s t e e l s showing oxidized l aye r and matrix region, 
t r ea ted a t 527°C for 120 minutes. Magnifica-
t ion 32OX, Ni ta l etched. 
Fig. 3.10? Microstructures of s in te red and steam t rea ted 
s t e e l s showing oxidized l aye r and matrix region, 
t rea ted a t 600°C for 45 minutes. Magnification 
320X, Ni ta l etched. 
Fig. 3.108 Microstructures of s in te red and steam t rea ted 
s t e e l s showing oxidized l aye r and matrix region, 
t r ea ted a t 600°C for 45 minutes. Magnification 
32OX, Ni ta l etched. 
Fig. 3.109 Microstructures of s in te red and steam t rea ted 
s t e e l s showing oxidized l aye r and matrix region, 
t r ea ted a t 600°C for 120 minutes. Magnification 
320X, Nital etched. 
Fig. 3.110 Scanning electron microstructures of steam 
t rea ted a l loy , t r ea t ed a t 527°C for 120 minutes. 
Fig. 3.111 Scanning electron microstructures of steam 
treated alloy, treated at 527°C for 120 minutes. 
117 
Fig. 3.112 Scanning electron microstructures of steam 
treated alloy, treated at 527°C for 120 minutes. 
Fig. 3.113 Scanning electron microstructxores of steam 
treated alloy, treated at 527°C for 120 minutes. 
Fig. 3.11^ Microstructures of sintered and steam treated 
steels showing oxidized layer and matrix region, 
treated at ^50°C for 45 minutes. Magnification 
320X, Nital etched. 
Fig. 3.115 Microstructures of sintered and steam treated 
steels showing oxidized layer and matrix region, 
treated at 450°C for 45 minutes. Magnification 
320X, Nital etched. 
Fig. 3.116 Microstructures of sintered and steam treated 
steels showing oxidized layer and matrix region, 
treated at 450°C for 120 minutes. Magnification 
320X, Nital etched. 
Fig, 3.117 Microstructures of sintered and steam treated 
steels showing oxidized layer and matrix region, 
treated at 527°C for 45 minutes. Magnification 
320X, Nital etched. 
Fig. 3.118 Microstructures of sintered and steam treated 
steels showing oxidized layer and matrix region. 
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treated at 527°C for 45 minutes. Magnification 
320X, Nital etched. 
Fig. 3.119 Microstructure of sintered and steam treated 
steel showing oxidized layer and matrix region, 
treated at 527°C for 120 minutes. Magnification 
320X, Nital etched. 
Fig. 3.120 Micrestructures of sintered and steam treated 
steels showing oxidized layer and matrix region, 
treated at 600°C for 45 minutes. Magnification 
32OX, Nital etched. 
Fig. 3.121 Microstructure of sintered and steam treated 
steel showing oxidized layer and matrix region, 
treated at 600°C for 120 minutes. Magnification 
320X, Nital etched. 
Fig. 3.122 Microstructure of sintered and steam treated 
steel showing oxidized layer and matrix region, 
treated at 600°C for 120 minutes. Magnification 
320X, Nital etched. 
Fig. 3.123 Scanning electron microstruetures of steam 
treated alloy, treated at 527°C for 120 minutes. 
Fig. 3.124 Scanning electron microstructures of steam 
treated alloy, treated at 527°C for 120 minutes. 
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Fig. 3.125 Scanning electron micrestructures of steam 
treated alloy, treated at 527°C for 120 minutes. 
Fig. 3.126 Scanning electron microstructures of steam 
treated alloy, treated at 527°C for 120 minutes. 
Fig. 3.127 Microstructures of sintered and steam treated 
steels shoving oxidized layer and matrix region, 
treated at 450°C for 45 minutes. Magnification 
320X, Nital etched. 
Fig. 3.128 Microstructures of sintered and steam treated 
steels showing oxidized layer and matrix region, 
treated at 450°C for 120 minutes. Magnification 
320X, Nital etched. 
Fig. 3.129 Microstructures of sintered and steam treated 
steels showing oxidized layer and matrix region, 
treated at 450°C for 45 minutes. Magnification 
320X, Nital etched. 
Fig. 3.130 Microstructures of sintered and steam treated 
steels showing oxidized layer and matrix region, 
treated at 450°C for 120 minutes. Magnification 
320X, Nital etched. 
Fig. 3.131 Microstructures of sintered and steam treated 
steels showing oxidized layer and matrix region, 
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t r ea ted a t 527°C for A5 minutes. Magnification 
320X, Nita l etched. 
Fig. 3.132 Microstructures of sintered and steam treated 
s t e e l s showing oxidized layer and matrix region, 
t r ea ted a t 527*^ C for 45 minutfes. Magnification 
32OX, Nita l etched. 
Fig. 3.133 Microstriicture of s i n t ^ e d and steam t rea ted 
s t ee l showing oxidized l aye r and matrix region, 
t r ea ted a t 527°C for 120 minutes. Magnification 
320X, Ni ta l etched. 
Fig. 3.134 Microstructure of s in te red and steam 
t rea ted s t e e l showing oxidized layer and matrix 
region, t r ea ted a t 600°C for 120 minutes. Mag-
n i f i ca t ion 320X, Nita l etched. 
Fig. 3.133 Microstructure of s in te red and steam t r ea t ed 
s t ee l showing oxidized l aye r and matrix region, 
t r ea ted a t 600°C for 120 minutes. Magnification 
320X, Ni ta l etched. 
Fig. 3.136 Microstructure of s in te red and steam t rea ted 
s t e e l showing oxidized layer and matrix region, 
t r ea ted a t 600°C for 45 minutes. Magnification 
32OX, Ni ta l etched. 
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Fig. 3.137 Microstructures of sintered and steam treated 
steels showing oxidized layer and matrix region, 
treated at 600°C for 45 minutes. Magnifica-
tion 32OX, Nital etched. 
Fig. 3•138 Scanning electron microstructures of steam 
treated alloy, treated at 527^C for 120 minutes. 
Fig. 3«139 Scanning electron microstructures of steam 
treated alloy, treated at 527°C for 120 minutes. 
Fig. 3.140 Scanning electron microstructures of steam 
treated alloy, treated at 527°C for 120 minutes. 
Fig. 3.141 Scanning electron microstructures of steam 
treated alloy, treated at 527°C for 120 minutes. 
Fig. 3.142 Microstructures of sintered and steam treated 
steels showing oxidized layer and matrix region, 
treated at 450°C for 45 minutes. Magnification 
32OX, Nital etched. 
Fig. 3.143 Microstructura of sintered and stea« treated 
steel showing oxidized layer and matrix region, 
treated at 450°C for 120 minutes. Magnification 
320X, Nital etched. 
Fig. 3»144 Microstructures of sintered and steam treated 
steels showing oxidized layer and matrix region, 
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treated at 450°C for 45 minutes. Magnification 
32OX, Nital etched. 
Fig. 3.145 Microstructures of sintered and steam treated 
steels showing oxidized layer and matrix regions, 
treated at 527°C for 45 minutes. 
Fig. 3.146 Microstructure of sintered and steam treated 
steel showing oxidized layer and matrix region, 
treated at 527°C for 45 minutes. Magnification 
320X, Nital etched. 
Fig. 3.147 Microstructure of sintered and steam treated 
steel showing oxidized layer and matrix region, 
treated at 527°C for 120 minutes. Magnification 
320X, Nital etched. 
Fig. 3.1A8 Microstructures of sintered and steam treated 
s t e e l s showing oxidized layer and matrix region, 
t r ea ted a t 600°C for 45 minutes. Magnification 
320X, Nita l etched. 
Fig. 3.149 Microstructure of sintered and steam treated 
steel showing oxidized layer and matrix region, 
treated at 500°C for 120 minutes. Magnification 
320X, Nital etched. 
Fig. 3.150 Microstructures of sintered and steam treated 
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steel showing oxidized layer and matrix region, 
treated at 600°C for 45 minutes. Magnification 
320X, Nital etched. 
Fig. 3.151 Scanning electron microstructures of steam 
treated alloy, treated at 527°C for 120 minutes. 
Fig. 3.152 Scanning electron microstructures of steam 
treated alloy, treated at 527°C for 120 minutes. 
Fig. 3.153 Scanning electron microstructures of steam 
treated alloy, treated at 527°C for 120 minutes. 
Fig. 3.15A- Scanning electron microstructures of steam 
treated alloy, treated at 527°C for 120 minutes. 
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C H A P T E R 4 
D I S C U S S I O N 
This chapter aims a t e35)laining various e:q)erimental 
r e s u l t s . Par t I w i l l discuss the r e s u l t s of steam treatment 
s tud ies on PNC powder compacts. Par t I I i s discussion of 
r e s u l t s on s in te red and mechanical proper t ies of PASC based 
powder compacts. Par t I I I aims a t explaining the various 
r e s u l t s on steam oxidation of s in te red PASC powder compacts 
containing Cu, Ni, Mo, MCM or MVM with 0.3 or 0.6 % combined 
C and 0.3 or 0.8 % P. 
Par t I 
4.1 STEAM TREATMENT OF PNC BASED SINTERED COMPACTS 
4.1.1 Theoretical and kinetic aspects 
According to Wagner's theory (55), if a metal (Fe) 
is exposed to gas (ILO) at a proper temperature, gas and 
metal decompose to ions and electrons as follows : 
Fe >^ Fe^ "^  + 2i 
HoO ^ ^ I^ + 1/2 ©2 (1) 
O2+ 4« > 2 O2 
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One molecule of 03^gen chemisorbed on the sxxrface of the 
metal coiild cause the migration of two Fe * ions and two 
e lec t ron with formation of two Fe vacancies ( °Fe ) 
and two electron vacancies ( ® ) as follows : 
Og = 2Fe^* + 2 ® e + 2FeO (2) 
Iron ions are cations and o3cygen ions are anions so they 
migrate to each other and oxide forms. Thus when iron ions 
diffuse towards the metal/oxide interface, vacancies diffuse 
in the opposite direction and they possibly condense at the 
grain boundaries and pore surfaces. Therefore the vacancy 
concentration of the matrix decreases. 
The principal objective of treatment is to produce a 
layer of ^ ^304 °^ ^•^ sxorfaces exposed to steam. In indus-
trial practice treatment temperatures of 425 to 600°C 
(3»5»6) have been used. The basic overall reaction is 
3Fe + 4H2O >^ Fe^O^ + 4H2 (3) 
It has been shown that (6) Fe_0^ is the only oxide formed 
at Pjj c/^H« ratio of 0.1 to 1.0 at reaction temperature 
of A00-600°C. At lower temperatures (25°C) the only product 
formed when iron reacts with water vapour free from oxygen 
is FeCOH)-. However, if air is present some Fe,o^ also forms 
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(56), At temperature above 60°C Fe,0^ forms. FeO does 
not form at temperatures less than 570^C but within the 
range 57O-700°C both FeO and Fe,0^ form and the propor-
tion of FeO produced increases with temperatore. The 
phase diagram for Fe/Op system shows that at 570°C, FeO 
decomposes eutectoidally to a-Fe and Fe^ O^ ^^ . 
The initial rate of steam oxidation as measured by 
weight gain is very rapid and more than about 60 % weight 
gain occurs within 20 minutes. However, this time does 
not agree with the reported works (2,6) who observed that 
more than 50 % weight gain occurred within 10 minutes. The 
reason seems to be the effect of alloying elements giving 
different density of sintered compacts, phase stabilization, 
morphology of the pores and affinity of the elements for 
oxygen etc, (Figs, 3.1-3.5). 
Hbmbogen and Glenn (57) reported that in Fe-l,2Cu, 
clusters of copper grow at a rate that can be explained by 
the concentration of excess vacancies in the material, 
which are preferred sites for the nucleation of copper 
particles within the lattice. 
Thus if steam treatment is used as an ageing treatment, 
most of the preferred sites (vacancies) which would normally 
be used for nucleation of e-copper are not available through-
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out the matrix as a xaiiform distribution. Instead, most 
of the precipitate particles nucleate in those regions 
(e.g. pore surfaces, grain boundaries) where the vacancy 
concentration is high. It can be argued that increase of 
copper content increases resistance to oxidation (58), owing 
to the smaller number of vacancies for diffusion. As a 
result fewer nucleation sites for homogenous nucleation of 
copper particles exist. 
Franltlin and Davies (1) examined the influence of 
treatment at 520 and 650°C and demonstrated that at 650°C 
very rapid oxidation occurred but, because of surface seal-
ing, a lower total oxide content is achieved after long 
treatmoit times that is normal at the lower temperature. 
Our results in general, also show such a behaviour (Figs. 
3.1-3.5) as the rate of oxidation decreases with increasing 
steam treatment times. Oxide layer formed are impervious as 
is evident through parabolic nature of curve. 
4.1.2 Effect of phosphorus 
It has been reported that phosphorus due to liquid 
phase sintering and ferrite stabilization (A6) spheroidizes 
the pores and reduces the amount of interconnected porosity 
and channels. Thus, there is a corresponding decrease in 
the amount of open porosity after steam treatment xmder any 
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standard set of time/temperature conditions. In speci-
mens having higher sintered density it is reasonable to 
agree that the channels connecting individual pores will 
be narrower and that these will become blocked by oxide 
more rapidly during steeim treatment. The apparent resi-
dual open porosity in specimens prepared from higher P-
containing premixes was lower and this appears to be the 
reason for lower weight gain with treatment times in such 
compacts (Fig. 3.1). A maximum in the weight gain occurs 
at a treatment time of between +^5-60 minutes. Oxidation by 
steam is a diffusion controlled process and the pore clos-
ure will occur at a slower rate at longer treatment times 
because the extent of oxidation, as measured by weight 
gain, is considerably restricted because of the sealing 
of surface pores at an early stage during treatment. This 
is evident from microstructures also which show well-
defined oxide layers in specimens containing higher phos-
phorus contents (Fig. 3.1^. 
The sintered hardness increases with increasing 
phosphorus content and this trend is noticed in case of 
oxidized samples also due to efficient healing and closure 
of pores (Fig. 3.6). However, the level of increase in 
steam treated hardness cannot be explained due to oxides 
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Fe,0^ or FSp^^ (minor cons t i tuen t ) alone. X-ray analys is 
did not show any phosphorios having been oxidized. The 
major cons t i tuent in oxide was found t o be hematite Fe^O^ 
which i s a l so evident from parabolic nature of weight gain 
vs . treatment times curve. Workers in t h i s f i e ld (28, 31 
e t c . ) have observed hardness increase of upto 50 % a f t e r 
steam treatment over t h a t of as s in te red compacts. Clear ly , 
the increase in hardness seems to be due to some other 
effect a l so . 
HSmbogen (45) showed tha t phosphorus could produce 
appreciable age-hardening in Fe-P a l loys a f t e r carrying out 
e:q)eriments on mild s t e e l (0.15C, 1.5Mn). He observed age-
hardening t o occur in the range 400-550°C, but the maximum 
effect was observed^-^450°C. The i n t e n s i t y of age-
hardening increased with increasing P-content. At phospho-
rus content above 0.5 %, increasing amoiints of a - f e r r i t e 
were observed a t the solut ion treatment temperature with 
increasing phosphorus contents and a t 2 % P, the s t e e l was 
v i r t u a l l y f e r r i t i c . The p r ec ip i t a t i ng phase was Fe,P but 
the d e t a i l s of age-hardening process have not been inves-
t iga ted . More recent s tudies on s in te red Fe-P a l loys (59) 
have shown by taking ext rac t ion r ep l i cas obtained on an 
e lectron microscope tha t upto 0.8 % P content , phosphorus 
dissolved i n the a-Fe and was not segregated i n the pure 
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form or in the form of compotuads a t the gra in boijndaries 
when the specimens were heated and cooled during s in te r ing 
imder l abora tory-sca le condi t ions . However, cooling r a t e s 
have not been mentioned by the author (59) but i t i s 
expected tha t fximace cooling under laboratory condit ions 
should not give higher than lOK/min cooling r a t e . From 
the phase diagram of Fe-P system (6o) s o l u b i l i t y of P in 
i ron was found t o be 1.26, 0.83, 0.25 and 0.015 wt. % a t 
800, 700, 500°C and room temperature, respec t ive ly . The 
r e s u l t s of Amin et a l . (51) and Lindskog e t a l . ( ^ ) showed 
tha t upto 0.6 wt. % P was completely dissolved and alloyed 
with iron and was re ta ined in so l id solut ion a t rocai tempe-
ra tu re even a f t e r as slow cooling as 7K/min. Thus, the 
increase in hardness in P-containing samples seems to be 
due t o combined act ion of steam treatment and ageing. This 
i s fur ther confirmed from la rge increase in hardness when 
P content was increased from 0.45 t o 0.6 wt. % and a lso 
due t o s l i gh t decrease in hardness a f t e r reaching maximxjm 
a t 30 minutes. 
4 .1 .3 Effect of copper 
The gain in weight of Fe-Cu s in tered a l loys with 
increasing treatment times i s , in genera l , qualitative 
agreement with the recent r e s u l t s of Phadke, Davies and 
131 
his coworkers (25-29) (Fig. 3 .2 ) . I t has been reported 
t h a t (21) small addi t ion of copper had l i t t l e effect on 
the oxidation of so l id i ron a t 500°C in oxygen-argon 
atmosphere. Addition of 0.3 % P t o Fe-Cu al loy does not 
change the va r i a t i on of weight gain with increasing treatment 
times (Fig , 3.2b) except t h a t the magnitude of weight gain 
s l i g h t l y increases . When the P content was increased to 
0.^5 or 0.6 %, the cixrves of weight gain vs . treatment time 
l eve l off a t 30 to 6o min. (Figs . 3.2c and 3.2d) . Such a 
behaviour seems to be due to pore-rounding effect of phos-
phorus which i n h i b i t the diffusion path for oxygen as 
already described. For diffusion of steam, pores and 
channels should be interconnected. Such a r e s u l t i s 
confirmed through microstructures (Fig . 3.15) and scanning 
e lec t ron microstructures (F igs . 3 .16-3.19) . In fac t , 
longer treatment time appears t o have decreased the oxide 
th ickness . However, rounding off of the pores are evident 
in Fig. 3.19. Some oxygen appears t o have diffused inward 
i n to the matrix. This may be the reason for lower th ick-
ness of oxide with increasing treatment t imes. For phos-
phorus free specimens, oxide thickness increases with 
increasing treatment times and higher copper content 
(Figs . 3.15 a - 3.15 d ) . 
The v a r i a t i o n of hardness with treatment times for 
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Fe-Cu and Fe-P-Cu specimens i s a l so s imi la r to the e a r l i e r 
r e s u l t s for Fe-Cu a l loys (29) (Figs . 3.7 and 3 .3 ) . Maximum 
in hardness i s obtained a f t e r 30 min. of treatment while 
Razavizadah and Davies (29) found maximum in hardness a f t e r 
treatment times varying between 25-60 min. However, hard-
ness observed in the present inves t iga t ion i s s l i g h t l y 
lower, i . e . 160-190 HVIO while e a r l i e r workers (26-29) have 
reported hardness values of 1 7 0 - 2 ^ iN. Sintered specimens 
in case of Fe-P-Cu a l loy are furnace cooled a t an average 
cooling r a t e of 13 K/min. I t has been reported (26-29) 
t ha t p r ec ip i t a t i on hardening was obtained in s in tered 
samples cooled from s in te r ing temperatxare a t a r a t e of 
25°C/min. or higher. The effect due to p r e c i p i t a t i o n 
hardening appears t o be marginal. Scanning p i c tu re s a lso 
do not show any obvious p r e c i p i t a t e s (Figs . 3.16-3.19). 
Microhardness values are shown in Table I I I . 1 . 2 . This i s 
s l i g h t l y lower than previously reported values of 5^3 HV 
(5) for Fe,0^ in i ron and A6o HV^  (23) for Fe-2 % Cu a l loy . 
This may be due t o e i t he r slow cooling of samples from 
s in te r ing temperature or other cons t i tuen t in the oxides. 
4 .1 .4 Effect of molybdenum 
As i s well known i f more than 1.2 wt. % Mo i s added 
to i ron , the a(fl) f e r r i t e phase becomes s tab le a t a tempera-
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t u r e of 1050-1200°C (62) . Phosphorus, l i k e molybdenum, 
i s a lso a f e r r i t e s t a b i l i z e r and iron-phosphorus a l loy 
containing more than 0.65 % P would be fu l ly f e r r i t i c a t 
a temperature of 1050-1200°C (A6). Thus, because of the 
addi t ive effect of Mo and P, poros i ty decreases and becomes 
rounded. 
The v a r i a t i o n of weight gain with treatment times i s 
general ly s imi lar to t h a t of Cu-containing specimens (Fig, 
3.3) reaching a maximxjm in weight gain a t 60 minute of 
t reatment times. The oxidation res i s t ance increases with 
increasing Mo or P addi t ion (F ig . 3 .3 ) . However, the l eve l 
of weight gain obtained in Fe-P-Mo specimens i s l e s s as 
compared t o Cu- or MCM-containing samples (Figs . 3.2, 3.3 
and 3.^) due to i so l a t ed , smaller and rounded pores and 
higher s in te red dens i ty . 
The increase in hardness with treatment times 
reaches a maximum a t 60 minute of-treatment time. The 
increase in hardness of as oxidized samples over t h a t of 
as s in tered samples i s 120 HV which i s d i f f i c u l t t o 
e35)lain by low oxidation r a t e of such samples because Mo 
has lower o3cygen a f f i n i t y than i ron and the densi ty of 
the specimens i s high. I t has been reported (44) t ha t Mo 
i s capable of causing appreciable age-hardening in f e r r i t e . 
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Little use seems to have been made of molybdenum age-
hardening in low alloy steels, apart from a development 
(63) aimed primarily at high temperature materials. Thus, 
hardness increase in Fe-P-Mo alloy seems to be due to the 
combined action of oxidation and precipitation hardening 
due to the presence of P and Mo. It seems that sufficient 
amount of P and Mo are retained in solid solution during 
cooling at 13 K/min. frcMn the sintering temperature of 
1120°C. 
4,1.5 Effect of transition metal carbide master alloy 
MCM addition in iron or iron-phosphorus premixes 
gives rise to growth as shown in Table III.1.1. Majority 
of the pores appear to be interconnected as shown in Figs. 
3.23 and 3.24. This seems to be the reason for relatively 
large weight gain with increasing steam oxidation times. 
The MCM powder added to iron or P-containing iron is upto 
4 wt. %. This corresponds to actual alloy contents of 
upto 0.92 wt. % each of Mn, Cr, and Mo and 0.28 wt. % C. 
The oxygen affinity for Mn and Cr is higher than that of 
iron. It is qxiite probable that these elements also 
oxidize along with iron. The oxide of Cr is very hard 
which adds to the bulk hardness of steam treated MCM-
containing alloys. However, in general, there is one 
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difference between hardness va r i a t i on with treatment 
times of MCM-containing and Cu-containing compacts, i . e . 
i n t h i s case hardness does not reach maximum (Figs . 3.10 
and 3,11) . This appears to be due t o the fac t t h a t 
surface pores are not healed upto t h i s magnitude of 
treatment t imes. 
4.1.6 Effect of ternary powder compacts 
Of the three alloying constituents, i.e. Mo, Ni 
and MCM, Mo imparts densification, Ni also imparts densi-
fication but at the same time heterogeneity while MCM 
growth of Fe or Fe-P compacts (64). Copper decreases 
shrinkage of all such compacts as shown in Table III,1.1. 
The effect of increasing copper content on weight 
gain with treatment times of Mo and MCM-containing compacts 
is in general to increase oxidation rate (Fig. 3.5) while 
that of Ni does not give any conclusive results. However, 
the variation of hardness with increasing copper content 
of ternary powder compacts with treatment times is in 
qualitative agreement with such effects on Fe, Fe-P compacts, 
Such a behaviour is supported by micrestructures of oxide 
plus matrix region which show thicker oxide layer in higher 
Cu-containing compacts. 
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Part II 
4.2 SINTBRED PROPERTIES OF PASC BASED COMPACTS 
4.2.1 Copper-containing compacts 
Copper addition in P-containing sintered steels 
gives rise to growth in agreement with earlier reported 
works (51,65). When carbon content was increased from 0.3 
to 0.6 ^  it changes the role of copper and then compensates 
growth effect of copper. Berner et al. (66) and others 
(67-69) reported that C decreases the solubility of Cu in 
iron and increases the dihedral angle. These effects 
decrease growth effect. Increase in phosphorus content 
improves densification in agreement with earlier results 
(51,65). This result is suported by microstructureswhich 
show rounded and smaller number of pores in case of 
sintered compacts containing 0.8% phosphorus (Figs. 3.35 a 
to c). One important point to note is that linear shrinkage 
shows different behaviour than those exhibited by sintered 
density or densification parameter variation (Figs. 3.30 a 
and 3.31 b) due to anisotropic dimensional change in diffe-
rent directions. This fact is confirmed by the fact that 
volume shrinkage variation is similar to that of densifi-
cation behaviour (Fig. 3.34a). However, growth in the 
premixes studied is marginal and dimensionally stable 
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products can be prodxiced p a r t i c u l a r l y from low P-containing 
promixes. 
At 0.3 % P, both C and Cu increase s t reng th proper t ies 
due t o so l id so lu t ion hardening effect and formation of 
p e a r l i t i c s t ruc tu re (Fig. 3.35 a) i n agreement with e a r l i e r 
r e s u l t s (51,65) . Increase i n phosphorus content from 0.3 
t o 0.8 % de t e r io ra t e s s t rength p roper t i es due to b r i t t l e 
phosphoride formation as i s evident through microstructure 
(Fig. 3.35 b ) . Presence of b r i t t l e i ron phosphide i s qui te 
probable since maximum s o l u b i l i t y of phosphorus in alpha 
phase i s 0.6 >C a t 1393 K ( ^ ) which decreases with decrease 
or increase in temperature. Thus, even i f a l l the phosphorus 
present i n so l id so lu t ion a t 1393 K i s re ta ined a f t e r cooling 
from the s in te r ing tefliperature, some phosphorus i s ava i lab le 
for the formation of i ron phosphide. Suff ic ient d u c t i l i t y 
of 3 t o 9 % elongation i s confirmed through scanning e lec-
tron fractographs of PASC30-0.3C-2Cu and PASC30-0.6C-2Cu compacts 
which show typ ica l dimple l i k e f rac ture (Fig, 3.36 a and b ) . 
Fracture appears t o be typ ica l ly t r a n s c r y s t a l l i n e . Pores 
a l so deform in cohesion with matr ix. Although, graphi te 
addi t ions were 0.5 and 1 >i, about 0.2 +^  0.04 '/. C was l o s t 
during s in te r ing a t 1393 K in d issocia ted ammonia atmosphere 
of dew point 2 ^ K since no ge t t e r ing technique was applied. 
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4.2.2 Nickel-contalning compacts 
Upto 1 % Ni addi t ion a t lower C content of 0.3 % 
decreases dens i f ica t ion in agreement with e a r l i e r reported 
works (A9,52) due t o the fac t t ha t 0.3 % C i s not su f f i c ien t 
enough to change the ro le of Ni. After t h i s composition, 
both C and Ni improve dens i f ica t ion since d i f fus iv i ty of 
C in i ron i s high, althoxigh improvement in dens i f ica t ion i s 
marginal (Figs . 3.30 b and 3.31 b ) . Variat ion of l i n e a r 
dimensional change with composition i s s l i gh t l y d i f fe ren t 
from s in tered densi ty or dens i f ica t ion parameter va r i a t ion 
and t h i s observation can be e ^ l a i n e d on the bas i s of aniso-
tropy in dimensional change (Fig . 3«34), s imi lar t o t h a t of 
Cu-containing compacts. However, anisotropy in case of Ni-
containing compacts i s l e s s than t h a t observed in Cu-
containing compacts. 
Strength proper t i es improve with C and / or Ni addi-
t ions while d u c t i l i t y decreases (Figs . 3.32 b and 3.33 b) 
in agreement with e a r l i e r r e s u l t s for C-free Ni-containing 
Fe-P compacts (2) or PNC-Ni-C compacts (52) . Suff ic ient 
d u c t i l i t y of 2-9 % elongation i s observed which i s confirmed 
through scanning electron fractographs (Figs . 3.37 a and b) 
which show predominantly dvictile f rac ture a t low C and Ni 
contents . Evidence of some unalloyed p a r t i c l e s are observed 
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i n case of PASC30-0.6C-2Ni compacts a t high magnification 
(Fig . 3.37 to). 
4 . 2 . 3 . Molybdenum-containing coapacts 
At 0.3 % C content , increasing molybdenum content 
improves dens i f ica t ion in agreement with e a r l i e r r e s u l t s 
for C- free Fe-Mo compacts (A6) and PHC-Mo-C compacts (53) . 
The reason why a t 0,6 % C l e v e l , the ro le of Mo i n af fec-
t ing dens i f ica t ion changes i s t h a t C i s aus ten i t e s t a b i l i z e r 
while both Mo and P are f e r r i t e s t a b i l i z e r s (A6, 62) . At 
higher C content , the amount of aus ten i t e probably more 
than compensates t he shrinkage effect produced due t o a-
phase s in te r ing (Fig. 3.30 c and 3.31 c ) . S l igh t ly higher 
dens i f ica t ion a t higher P-content may be a t t r i b u t e d t o 
higher s in te r ing r a t e due t o a-phase s t a b i l i z a t i o n by both 
P and Mo ( ^ ) . However the effect of P- and Mo in improving 
dens i f ica t ion of s in te red i ron compacts i n conjunction with 
carbon does not appear to be addi t ive (Figs . 3.30 c and 
3.31 c) and i s thus in disagreement with e a r l i e r r e s u l t s 
(46) for C- free a l l oys . Result showed increased growth 
for higher P- containing compacts (Fig . 3.31 c) which fac t 
i s c l a r i f i e d by volume shrinkage and shrinkage r a t i o versus 
composition ciirves (Fig. 3.34 c ) . 
The effect of Mo on s t rength proper t i es of PASC 
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powder compacts i s s imi lar to such ef fec ts for PNC powder 
compacts (A6,53). S l igh t ly higher d u c t i l i t y of PASC-C-Mo 
compacts as ccaapared to PASC-C-Ni (Figs . 3.32 b-d and 
3.33 b-d) could be explained by s l i g h t l y b e t t e r dens i f i -
ca t ion of the former. This fac t i s confirmed throxogh 
scanning e lect ron fractographs. (Figs . 3.38 a and b) which 
show typ ica l dimple l i k e f rac ture which i s more pronounced 
in case of PASC80-0.3C-2MO t e s t p iece . Deformation of pores 
as well as matrix i n cohesion i s qui te evident here (Fig. 
3.38 a and b ) . 
h,2,h MCM-containing compacts 
The decrease in dens i f ica t ion produced by MCM 
addi t ion to PASC-C s in tered compacts i s i n agreement with 
e a r l i e r r e s u l t s of Fe-P (48) and the recent r e s u l t of PNC-C 
(54) , (F igs . 3.30 d, 3.31 d, and 3.34 d ) . The s t rength 
p roper t i es improve upto 2 % MCM a t 0.3 % C while upto 1 % 
MCM a t 0.6 % C which i s i n q u a l i t a t i v e agreement with 
r e s u l t s of a number of woiisers (70-71) for P-free al loys 
and P-containing but C- free a l loy (48) . Fractographs 
show mixed type of duc t i l e and b r i t t l e f rac ture and often 
decohesion and t ea r ing of p a r t i c l e s ( F i g . 3.39 a and b ) . 
Pores a lso seem t o have deformed but l e s s than those 
observed in case of Mo-containing t e s t p ieces . 
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A-.2.5 MVM-containing compacts 
The behaviour of MVM-containing compacts are s imi lar 
to t h a t of MCM-containing compacts in respect of d e n s i f i -
cat ion behaviour and t e n s i l e p roper t i es v a r i a t i o n (Figs . 
3.30 e, 3.31 e, 3.32 e and 3.33 e ) . The proportion of 
b r i t t l e f rac ture i n case of MVM-containing compacts i s 
higher (Figs . 3 . ^ a and b) p a r t i c u l a r l y a t higher MVM and 
C contents of 2 and 0.6 % , respec t ive ly . Micropores are 
evident in case of PASC30-0.6C-2MVM compacts (Fig. 3 . ^ a) 
which a re p a r t l y minimised or removed with increase in P-
content from 0.3 to 0.8 i* (Fig. 3.''+0 b ) . 
One important point to note in a l l the system studied 
i s t h a t the difference in magnitude of UTS and YS i s veiy 
small (F igs . 3.32 and 3.33) except in case of Cu-containing 
compacts a t lower C content of 0.3 '/ (Fig, 3.32 a ) . This 
i s a t t r i bu t ed t o the f ac t t h a t higher hardening and strength-
ening produced i s always associated with the de le te r ious 
property of b r i t t l e n e s s due to inhomogenous s t ruc tu r e , non-
uniform d i s t r i b u t i o n of pores with widely d i f fe ren t s i ze , 
shape and morphology. 
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Part III 
k.3 STEAM TREATMENT OF PASC BASED SINTERED COMPACTS 
The main difference between steam treatment of PNC 
based and PASC based powder compact is that in the present 
case a range of steam oxidation temperature from 450 to 
600*^ C was used and time of oxidation used was begun from 
45 minutes instead of 5 minutes since optim\jm in weight 
gain was noted only after this period in case of steam 
treatment of PNC based powder compacts. In case of PNC 
and PASC based powder conipacts, study of the effect of Cu, 
MCM are common. However, PNC powders contained from 0.3 
to 0.6 % P while PASC powder contained from 0.3 to 0.8 % P. 
All PASC based powder compacts contained 0.3 and 0.6 % 
combined C while 1 or 2 % of alloying element was used 
since above this amount of alloying elements, there was 
hardly any benefit on properties of sintered or steam 
oxidized compacts made from PNC powders. PNC powder is 
based on normal compressibility sponge iron powder while 
PASC powders are purer and based on higher compressibility 
atomized powders. Thus, the results of steam oxidation 
shall be discussed in respect of following : 
(a) Difference in sintered properties resulting from 
difference in powder type giving characteristic 
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micrestructure of the matrix and the pore. 
(b) Difference in ccanposition, namely presence of 
C, higher amount of P and other alloying elements 
and interaction effects due to these on kinetics, 
hardness values and microstructural features. 
4,3.1 Effect of powder type 
Weight gain achieved during steam treatment of 
sintered PNC powder compacts containing copper is between 
30 to 40 gm~^ (Fig. 3.2), Mo is between 20-30 gm"^ (Fig. 
3.3) and MCM is of the order of 50 gm'^ (Fig. 3.4) at 500°C. 
If this gain in mass is compared with those of PASC based 
powder compacts at same temperature much lower weight gain 
(of the order of 25-37 in case of Cu containing, 17-25 in 
case of Mo containing and 30-.37 gm in case of MCM-
containing compacts) are observed (Figs, 3.42, 3.52 and 
3.57). The reason seems to be slightly higher sintered 
density obtained due to higher compaction pressure used 
and also due to higher compressibility of atomized P-
containing iron powders. Further, it has been reported 
(29) that the particles of sponge iron powder are irregiolar 
and have rough surfaces while atomized iron powder particles 
are smoother in outline and approximate more closely to a 
1^4 
spheroidal shape. It has been confirmed by SEM (24) 
that these differences persisted in sintered specimens. 
In sponge iron powder, individual pores appear to be 
smaller (Figs, 3.16-3.19) and channels between pores seem 
to be narrower in contrast to those observed in case of 
PASC powders (Figs. 3.97-3.100). Further, the internal 
surface area is significantly greater. The specimen pre-
pared from sponge powder had gained 1.1 '/<, in weight as a 
result of treatment for 25 minutes and the residual poro-
sity was 8.2 % whereas the specimen produced from atanized 
powder was treated for 50 minutes to produce an equivalent 
weight gain. There was evidence of incomplete pore filling 
in atomized iron powder compact whereas there was no such 
evidence in sponge iron powder compact. Internal oxidation 
was extensive in atomized iron powder compacts but pore 
closure was incomplete. It was concluded (29) that during 
steam treatment lander any particular set of conditions 
the pore net work in specimens prepared from sponge powder 
apparently became blocked more rapidly by oxidation products. 
Residual open porosity in specimens prepared from sponge 
powder appear to be less than that it was in specimens 
prepared from atomized powder even though in the latter 
case more extensive oxidation had taken place. This e35)lains 
the lower weight gain in PASC based sintered powder ccaflpacts 
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as compared to PNC based sintered powder compacts (Figs. 
3.1-3.4 and 3.41-3.65). However the level of increase in 
weight gain in the present investigation is much lower 
than observed in earlier investigations (29, 35). This 
is because much lower sintered density was used in 
earlier studies (29,35) as compared to present work. 
Further, phosphorus spheroidizes and isolates the pores 
inhibiting the diffusion path for steam through pore net 
work as already discussed in section 4.1. However, the 
oxidation and diffusion of oxygen continues similar to that 
in case of cast and wrought materials. 
In a further study (28), it was again found that 
mass gain increased as the interconnected porosity increased. 
Higher the amount of interconnected porosity longer was the 
time required for saturation of oxidation, in that study 
(28) saturation time required varied between 50 to 90 minu^ 
tes for porosity of 10.5 to 15 %. The lower saturation time 
required in the present investigation (Figs. 3.41-3,65) of 
the order of 45 to 60 minutes is due to lower amount of 
interconnedted porosity in the present investigation. For 
continued oxidation, it is necessary that steam shoxald be 
able to pass freely through the interconnected pore net-
work. With increasing Cu, MCM and MVM (Figs. 3.92 c, 3.93 b, 
me 
3.9^ b , 3.129 d, 3.130 b and d, 3.132, 3.1^2 c and d, 
3.144 d and 3.147) contents , the volume as well as width 
of pores increase . Therefore in compacts containing lower 
amount of such al loying elements (F igs . 3.91 b and c, 
3.93 c, 3.96 b , 3.128, 3.130 a and c 3.142 a and b , 3.143 a 
and 3.145 a and c) or compacts containing higher amount of 
P, Ni or Mo (Figs . 3.103 b , 3.115 a and 3.118 c) the surface 
pores wi l l be sa turated with Fe,0^ eas i ly during oxidation 
and wi l l i s o l a t e the interconnected pores within the ccanpact 
from coming in contact with steam and the oxidation r a t e 
w i l l decrease. 
After sa tu ra t ion , i t can be asstimed t h a t a l l the 
sxirfaoe pores are f i l l e d with oxide and oxidation occurs 
mainly a t the external surfaces by outward movement of i ron 
ca t ions and/or inward movement of 03cygen anions through the 
oxide film s imilar t o the case of so l id mater ia l . In t h i s 
regime, i n s p i t e of increased surface area in compacts con-
ta in ing pny of the al loying elements, the oxidation r a t e i s 
seen to decrease (Figs . 3.41-3.65) and follow the expected 
t rend. Hammer and Yannerberg (21) have e^qplained the decr-
ease in oxidation r a t e with reference to weakening of the 
adhesion between the oxide and i ron r i c h in al loying elements. 
147 
4.3.2 Effect of temperature 
Higher steam oxidation temperature generally gave 
higher weight gain and higher increase in hardness of steam 
treated samples (Figs. 3.41-3.90). It has been reported 
(29) that extent of pore closure and increase in hardness 
is strongly dependent on temperature. After treatment at 
450°C, specimens of high density predominantly attain 
slightly higher ultimate hardness values than specimens of 
low density. But at 600°C, low density attain higher 
hardness than those of higher density. Optimxam results in 
respect of hardness and definition of oxide layers were 
found in the present ease between 500 to 550°C (Figs. 3.67-
3.^9, 3.72-3.74, 3.77-3.79, 3.82-3.84, 3.87-3.89, 3.93-3.95, 
3.104-3.106, 3.47-3.49, 3.131-3.133 and 3.145-3.147). It 
has been reported (29) about the existence of aFe20, in the 
samples treated at higher temperature particularly 600°C. 
Thus, the slight increase in hardness due to higher steam 
oxidation temperature used is due to different types of 
oxides of iron, specific effects of alloying elements on 
formation of oxides or phase transformations occurring at 
a particular temperature and precipitation hardening effect 
to be discussed later. It is already e^lained in the previ-
ous section that oxidation by steam is a diffusion controlled 
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process and the pore closure will occur at a slower rate 
at low temperature (450°C) than it does at higher tempera-
ture. However at a steam treatment temperature of more 
than 3Z7°C, little or no benefit in hardness observed in 
case of Cu, Ni or Mo-containing compacts is perhaps due to 
conversion of magnetite into other types of oxides of iron 
during steam treatment on cooling fr<»a steam treatment 
temperature which compensates for improvement in bulk hard-
ness due to higher steam treatment temperature. From 
iron-oxygen equilibrium diagram (55) it can be seen that 
only Fe,0^ is stable below 570°C. Although, there is a 
chance for any Feo formed at higher temperature to be 
converted into Fe^O^ during slow cooling from steam treat-
ment temperature (72), this was not the condition in our 
e^eriment since samples after steam oxidation was cooled 
at fast rate. Thus, it is quite likely that some FeO 
might have remained in steam oxidized samples lowering 
the hardness which was not compensated for by precipitation 
hardening or phase transforoation reactions. Franklin and 
Davies (1) have studied the influence of steam treatment at 
520 and 650°C and demonstrated that at 650°C very rapid 
oxidation occurred but, because of surface sealing, a lower 
total oxide content was achieved after long treatment times 
than is normal at lower temperature. Such an observation 
149 
was noticed indirectly in case of PNC t)ased powder compacts 
as discussed in section 4.1. This escplains the occasional 
lowering of weight gain and hardness in samples steam trea-
ted at higher temperature (Figs. 3.45, 3.50, 3.55, 3.60, 
3.65, 3.70, 3.75, 3.30, 3.85 and 3.90). However, the inciv 
ease in hardness at higher temperature of steam treatment 
i.e. 550 and 600°C e.g. in case of MCM and MVM- containing 
compacts is due to transformation of retained austenite 
into massive martensite (Fig. 3.1^ c) and/or oxidation of 
easily oxidizable alloying elements Mn, Cr and V. However, 
it is difficult to streamline the individual contribution 
of each effect and arrive at cummulative benefit because of 
complexity of composition and the results obtained are only 
of technological relevance. 
4,3.3 Effect of alloying elements 
All the systems of sintered alloys contain P and C. 
The effect of phosphorus in spheroidizing the pores is 
similar to such effects produced in PNC based powder com-
pacts as already discussed in section 4.1.2. However, 
higher amount of phosphorus i.e., 0.8 % has been used in 
the present investigation. From various microstructures 
(Figs. 3.91 a - 3.95 a) it appears that upto 0.8 % P is 
dissolved in iron and the structure is single phase ferritic. 
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Phosphorus was ijenerally found to increase the s ize of grains 
(Figs . 3.92 a and 3.95 a) in s in tered compacts and the gra in 
s ize i s not affected by steam oxidation in the temperature 
range of 450-600*^C. The increase in gra in s ize of i ron-P 
s in tered compact a f t e r adding upto 0.8 % P ia in agreement 
with r e s u l t s of Weglinski and Kaczmar (59) . The grain 
s ize obtained in case of Fe-P s in te red coapact in the present 
inves t iga t ion (Fig. 3.92 a) i s i n q u a l i t a t i v e agreement with 
recent r e s u l t s of Lund (73) . From free energy vs temperature 
diagram (74) (Fig. 4,1) the free energy of formation of phos-
phorus oxide (P20c) i s s l i g h t l y more negative ( - 104 to -110 
kJ/mole) as compared t o t h a t of Fe,0/^^ (-100 to -106 kJ/mole). 
However, the sBaall amount of P i n the range of 0.3 to 0.8 % 
i s i n the form of so l id solut ion and hence un i fomi ly d i s -
t r i bu t ed , chances of oxidation of phosphorus or i t s l o s s 
i s neg l ig ib l e . Moreover, a f t e r a l aye r of oxide i s formed, 
passage of steam in the i n t e r i o r of the compact i s r e s t r i c t e d , 
p a r t i c u l a r l y because of spheroidal and i so l a t ed pores . This 
was confirmed through chemical analys is of s in te red and steam 
oxidized c<»ipacts which showed P-content of 0.27+^0.05 
and 0.76jf0.04 % P in 0.3 and 0,8 % P-containing compacts. 
Similar change of P-content has been observed in other inves-
t i g a t i o n (59). 
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4 .3 .3 .1 Effect of carbon 
There should not be any effect of adding or increa-
sing C-content on steam t r ea t ed weight gain or hardness of 
compact. The hardness benef i t achieved by C-content on 
s in te red specimens should be car r ied over in case of steam 
t rea ted samples (Figs . 3.41-3.90). The marginal increase 
in hardness of steam t r ea t ed samples i s due t o aus t en i t e 
s t a b i l i z a t i o n by al loying elements and i t s consequent 
transformation i n t o higher hardness cons t i tuen t during 
steam oxidation a t temperatures of 450-§00°C (Figs . 3.66-
3.90) . This r e s u l t i s p a r t i c u l a r l y more evident in case 
of MCM and MVM-containing compacts. There i s no chance of 
C- l o s s during steam oxidation a t l e a s t i n the i n t e r i o r of 
the compact (Fig. 3 .91 , 3.96) . This i s supported by free 
energy of formation data for CO and COp (-94 to -84 KJ/ 
mole) agains t for Pe^O^ (-106 to -100 KJ/mde (74, Fig. 4 .1 ) , 
a t the steam oxidation temperature used. This i s in d i s -
agreement with the observation of Lund (75) who has s ta ted 
t h a t due to react ion with i ron oxide, some carbon was 
removed from compacts of Atomet 28 green powder compacts. 
He (75) foxind t h a t weight per cent of carbon decreased 
from 0.105 to 0.086 and 0.062 % a f t e r heating in helium 
a t 500 and $00°C respec t ive ly . He (75) fur ther found 
t h a t compacts heated a t 600°C ac tua l ly showed a net weight 
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decrease of upto 0.1 %. His findings has not been confirmed 
by any other worker and i s not supported by l i t e r a t u r e (7^ ) . 
Even i f h is f indings are assumed t o be cor rec t based on 
presence of oxides in the powder mass, the re i s no chance 
of oxides being present in s in te red compacts under D.A. 
However, oxides do form during steam treatment operation 
but the p o s s i b i l i t y of exchange react ion i s not supported 
by thermodynamic considerat ion (74) . 
4 .3 ,3 .2 Effect of c'qpper 
The gain in weight of PASC-Cu-C s in tered compact with 
increasing treatment t imes, i s in general , s imi la r to t h a t 
observed in case of PNC-Cu compacts (Figs . 3 .2, 3 .41-3.45) . 
Lower gain in weight i s due t o higher s in tered density and 
lower amount of interconnected poros i ty as already discussed 
in sec t ion 4 , 3 . 1 . 
The va r i a t i on of hardness for such compacts i s a l so 
s imi la r t o PNC-Cu compacts (F igs . 3 .7 , 3.8 and 3.66-3.70). 
Maximum in hardness i s obtained a f t e r 60 minutes a t 527°C 
in cont ras t to 30 minutes a t 500°C for PNC-Cu (Figs . 3 .7, 
3.8 and 3.68). This i s probably due to f a s t e r cooling r a t e 
achieved under i n d u s t r i a l furnace and re ten t ion of Cu and 
P i n so l id solut ion which perhaps p r e c i p i t a t e s on ageing 
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at steam oxidation temperature. Precipitation reaction 
requires some time and it is noted that higher is the 
steam oxidation temperature, generally lower is the time 
required for saturation in weight gain or hardness (Figs. 
3.^ 5 and 3.70). Precipitation reaction is generally 
enhanced by higher temperature. A large increase in 
weight gain at 600°C after adding 0.3 % C and 1 % Cu Baay 
be due to formation of FeO. The fact that maximum benefit 
in hardness occurs at steam oxidation temperature of 527°C 
(Fig. 3.68) and Cu is found to be more effective in enhancing 
steam treated hardness is in agreement with the results of 
Phadke (27). Higher hardness of PASC based powder compact 
(Fig. 3.66-3.70) as compared to PNC based powder compact 
(Figs. 3.7 and 3.8) is perhaps due to combined action of 
increase in sintered density, higher cooling rate under 
industrial sintering atmosphere of dissociated ammonia; 
about 2-3 times more than the cooling rate recommended by 
Smith and Palmer (76). However, no precipitates are 
observed under optical microscope or S3^ upto the magni-
fication used (Figs. 3.91-3.100). 
Hardness of compacts steam treated at 600°C is 
lower than at 527°C (Figs. 3.68 and 3.70) and oxide layers 
were not uniform and well defined and often spalled off. 
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I t has been found (21) t h a t i n case of Fe-Cu a l loy , a t 
500°C, oxidation c h a r a c t e r i s t i c s were same as t ha t of 
pure i ron , but a t 625*^ C the oxide film cracked on cooling. 
I t has been found (77,78) t h a t with the formation of a 
phase the l a t t i c e parameter of bcc Fe-Cu so l id solut ion 
decreases (79) . The resu l t ing volume shrinkage may lead 
t o formation of cracks a t the oxide-metal in te r face and 
decreases adhesion. 
Microhardness value of higher Cu- or P- containing 
compacts are general ly higher than lower P or Cu- free 
compacts (Table 111,3.3) i s a lso because of p r ec ip i t a t i on 
hardening effect as already discussed above. This pheno-
mena of age-hardening i s fur ther confirmed i n d i r e c t l y by 
the fac t t ha t increase in C content hardly af fec ts steam 
t rea ted hardness (Figs . 3 .66-3.70) . 
X-ray d i f f rac t ion of oxides did not show presence 
of oj ides of Cu. This i s supported by higher free energy 
formations of Cu oxide i . e . -55 t o -50 KJ/mole (7^) . 
Similar phenomena of Cu not affect ing chemical nature and 
the t o t a l amount of oxide has been observed by Fedrizzi 
e t a l . (90) . 
4 .3 .3 .3 Effect of nickel 
The increase in mass of PASC-Ni-C s in tered compact 
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with increase in steam oxidation period or temperatiore 
or with C or P contents are qualitatively similar to such 
effects observed in case of PASC-Cur-C compacts (Figs. 
3.41-3.50). Effect of increasing Ni- content is invariably 
to decrease the weight gain which is due to densification 
produced by Ni- addition. 
Literature (50) reports that in case of iron-nickel 
system containing 1 ^  or More of Ni r phase forms at about 
840°C or at lower temperatxires, which is stable upto 1240°C. 
Thus, at the sintering temperature of 1120°C used in this 
study, nickel forms with iron austenite and liquid phase is 
not available (80) since phosphorus has already done its 
Job of spheroidization by transient liquid phase and ferrite 
stabilization. This fact makes the diffusion of Ni into 
iron much more difficult, e.g. diffusivity of Ni in iron 
is 6xlO"-'-^ cm^ /sec. at 1120°C (81, 82). However, the addi-
tion of P to binary Fe-Ni alloy stabilizes the ferrite phase 
and causes an incr,ease in diffusion coefficient (83). This 
increase in sintered density is the reason for lower gain 
in mass of PASC-Ni-C steam oxidized compact. 
The increase in steam treated hardness due to Ni-
content (Figs. 3.71-3.75) is probably due to transformation 
of retained austenite into massive "type of martensite (Figs. 
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3.101-3.109) which goes on increasing with increase in 
oxidation temperature to a t l e a s t 527°C (Figs . 3.117-3.119). 
Reduction in steam t rea ted hardness of samples oxidized 
a t 600°C seems t o be due t o tempering e f fec t . There i s no 
reported work ( t i l l - t o - d a t e ) on the s teaa oxidation of even 
binary Fe-Ni s in tered compact. The r e su l t s obtained are of 
i n d u s t r i a l importance since i t i s es tabl ished tha t pore 
seal ing and surface hardening of PASC-Ni-C s in te red compact 
i s poss ib le without l o s s of P,C or Ni with improvement in 
hardness of the order 30-80 HVIO over as s in tered hardness. 
Greater extent of oxidation in Ni-containing compacts as 
compared t o Cu-containing compacts (Figs . 3.97-100 and 
3.110-3.113) i s perhaps due t o i r r e g u l a r and non^spherical 
nature of pores. Because of more effect ive aus ten i t e s tabi-
l i z a t i o n by Ni as compared t o Cu and so l id s t a t e s in te r ing 
general ly heterogenous s t ruc tu res are obtained in case of 
Ni-c ontaining compacts (Figs . 3.101-3.109). Ni was not 
oxidized during steam oxidation a t the steam treatment 
temperature used. 
^ . 3 . 3 . ^ Effect of molybdenua 
Effect of Mo on weight gain and hardness improvaient 
on steam oxidizat ion i s i n general s imi lar t o such effects 
i n C- free PNC based powder compacts (Figs . 3 .3 , 3 .9, 3 .51-
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3.55 and 3.76-3.80), Higher steam t rea ted hardness i s 
due to more effect ive age hardening phenomena because of 
f a s t e r cooling r a t e achieved in i n d u s t r i a l furnace and 
consequent re ten t ion of Mo and P i n sol id solut ion which 
p r e c i p i t a t e s on steam oxidation. The s l i g h t l y longer 
sa tura t ion time required as compared t o Cu or Ni system 
for a t t a in ing maximum hardness i s probably due t o re ten t ion 
of higher amount of P and Mo i n solut ion due t o f a s t e r 
r a t e of cooling from s in te r ing which requires longer incu-
bat ion period for p r e c i p i t a t i o n (Figs . 3 .76-3.80) . However, 
one s ign i f i can t po in t to note i s t h a t sa tura t ion in mass 
gain and hardness i s achieved simultaneously (F igs . 3 .51-
3.56 and 3.76-3.80) which i s advantageoiis frcxn the point 
of view of combined effect of oxidation and age-hardening 
(28) , Although there i s no data ava i lab le in l i t e r a t u r e 
on the steam oxidation of Fe-Mo systen, the r e s u l t s are 
important from considerat ion of engineering u t i l i t y . I t 
i s demonstrated from the present study t h a t PASC-Mo-C 
s in tered compacts give best ccanbination of uniformity and 
de f in i t ion of oxide layer with hardness. The mixed type 
of ai icrostructure (Figs . 3.123-3,126) i s due to varying 
ef fec ts of P, Mo and C on phase s t a b i l i t y a t the steam 
oxidation temperature. 
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4 .3 .3 .5 Effect of MCM 
In case of MCM-containing compacts the higher r a t e 
of oxidation as compared to Cu, Ni or Mo- containing 
compacts, i n the i n i t i a l period of oxidation (F igs . 3.56-
3.6o) i s due t o combined ef fec t of lower s in tered density 
and i r r e g u l a r pore morphology (Figs . 3.127-3.137). MCM 
added in the present inves t iga t ion i s upto 2 mass "/ which 
corresponds to ac tual a l loy contents of 0.41 mass % each of 
Mn, Cr, Mo and 0.14 "/, C. Of the various cons t i tuen t s in 
MCM powder, l i t e r a t u r e (71,65,84-87), report t h a t Mn gives 
r i s e t o shrinkage in i ron compacts. Mo to growth when added 
in amounts of l e s s than 1 "/, Cr t o growth a t s in te r ing 
temperatures of 1050-1200°C. However, the overal l effect 
of MCM addit ion i n i ron (84-87) and P-containing i ron (54) 
i s t o produce growth and the pores are general ly i r r e g u l a r 
i n shape. This seems t o be t h e reason for higher weight 
gain in MCM-containing canpacts. The e f fec ts of P or C in 
affect ing extent of oxidation and on sharpness and de f in i -
t ion of oxide layers are not very much d i f fe ren t from such 
ef fec ts i n other systems as already disctissed (F igs . 3 .41-
3.60 and 3.127-3.137). The decrease in weight gain a t steam 
oxidation temperature of 527°C (Fig. 3.58) i s probably due 
to formation of s toichiometr ic Fe,0^ and oxides of other 
elements i nh ib i t i ng the passage of steam fur ther in the 
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body of the compact. This i s fur ther supported by the 
fac t t h a t time required for sa tu ra t ion in weight gain 
i s shor te r a t higher temperature of oxidation (Figs . 3.57-
3.60) . From free energy-temperature diagram (Fig. ^ . 1 ) , 
Mn and Cr have higher a f f i n i t y for o^gen . Weak peaks 
corresponding t o oxides of Mn and Cr were observed under 
X-ray d i f f rac t ion ana lys i s . Higher values of microhardness 
obtained in case of MCM-containing compacts may be due t o 
the presence of mixed oxides (Table I I I . 3 . 3 ) . 
There occurs observable increase in hardness of steam 
t rea ted compacts with increase of C from 0.3 t o 0.6 "/. (Fig. 
3 .81) . This i s probably due to aus t en i t e s t a b i l i z a t i o n of 
C in con;Junction with Mn and consequent transformation in to 
Bain i te and Martensite (Figs . 3.130-3.132 and Figs. 3.135-
3.IAI) . The increase in hardness due t o formation of some 
mixed carbides may not however be ruled out. This i s suppo--
r ted by the fac t t h a t some big pores are observed in case 
of compacts containing higher MCM and C (Fig. 3.129 d ) . 
Some of the hard phases might have been removed during 
grinding and pol i sh ing . Non-uniform and mixed type s t r u c -
tu res a re observed in higher MCM-higher C containing 
compacts (Figs . 3.131-3.133)t p a r t i c u l a r l y a t higher steam 
oxidation temperature (Figs . 3.134). 
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There i s one difference between s teaa t rea ted hard-
ness of PNC-MCM and PASC-MCM-C s in te red compact. There 
occurs a sa tura t ion in hardness values of PASC-MCM-C s i n -
tered compact, although time required for sa tu ra t ion i s 
s l i g h t l y higher as compared to other systems (60-75 minutes) 
depending on a l loy composition and steam oxidation tempera-
t u r e (Figs . 3•81-3.85). This i s due t o higher s in tered 
densi ty and regular and spheroidal powder p a r t i c l e s of 
atomized powder which p e r s i s t in s in tered s t ruc tu re as 
already discussed in sect ion 4 .3 ,1 (29) . 
4 ,3 .3 .6 Effect of MVM 
The effect of MVM on weight gain and sharpness and 
definition of oxide layer is more or less similar to the 
effect of MOM addition (Figs. 3.55-3.60 and 3.61-3.65). 
This can be understood from the fact that MVM also contains 
Mn and Mo and V instead of Cr. The effect of increasing C 
or P on weight gain of MVM- containing compacts is also 
siBiilar to such effects in case of MCM- containing compacts. 
The lower level of hardness achieved on steam treatment in 
case of MVM-containing c<»ipacts as compared to MCM- contain-
ing compacts may be due to loss of vanadium. The free 
energy of formation of Vanadium oxide is lowest among all 
the alloying elements used in the present investigation 
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{Fig. 4.1). The X-ray diffraction analysis did not show 
any peak corresponding to any Vanadiua oxides which pro-
bably siflpports the loss of V by volatile exides. 
Micrestructures and SBH pictures are also similar 
in terms of heterogeneity and similar type of phases in 
MVM and MCM- containing compacts (Figs. 3.127-3.15^). It 
appears here €LISO that some of the hard and brittle phases 
have been reaoved during grinding and polishing (Fig. 3.151-
3.154). The SHI picture have been identically taken on 
regions of large pores otherwise the structures were similar 
to those of MCM containing ccnapacts. Microhardness values 
(Table 111,3.3) into two cases are also similar and higher 
than compacts containing other alloying elements. 
4.4 GENERAL DISCUSSION 
Gut of the various alloy systems used for steam 
oxidation in the present study weight gain is Mo - Ni -
Cu - MVM -^  MCM in increasing order. Hardness benefit is 
Ni - Cu - Mo - MVM - MCM in the increasing order. Sharpness 
and definition of oxLde decreases in the order Mo - Cu -
Mi - MCM - MVM. The optimum steam oxidation temperature 
in respect of hardness benefit, sharpness and definition 
i.e. uniformity of oxide layer, appears to be generally 
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527®C with occasional variation to 500 or 550°C. Generally, 
saturation time required decreases with increase in steam 
oxidation temperature. However, a reasonably narrow range 
of 45 to 60 minutes of saturation time required is observed 
in majority of steam treatment conditions and alloy systems 
from consideration of weight gain and maximum hardness 
achieved. Similar behaviour has been observed by Molinari 
et al. (89) who found little gain in weight of hematite or 
magnetite at a sintered density of 7.0 Mg m "^  when compacts 
made from pure iron sintered at 1150°C for 90 minutes in 
endogas were steam treated at 500°C. Type of powder used 
has not been indicated. In fact, the kinetics curves for 
all systems studied at the density levels are parabolic in 
nature (Figs. 3.^1-3.65). Precipitation hardening was found 
to be effective mainly in case of Mo and Cu- containing 
ccxnpacts and the phenomena appeared to increase with increase 
in temperature. The reasons for all such behaviour has been 
explained above in various sections. Optimum steam treatment 
temperature for sintered iron having a density of 6.4 Mg m"-^  
(35) was found to be 527°C. The situation regarding composi-
tion, powder type, and the resulting microstructures of the 
sintered compact is quite complex and any mathematical des-
cription is impossible regarding weight gain, hardness, pore 
sealing, oxide thickness and adherense ; unless only oxide 
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fonaed is Fe,0., porosity is all one type particularly 
interconnected. However scMne general discription about 
oxidation of iron which is the main oxide formed can be 
given. 
4,4,1 Adherence of oxide 
According to Pilling and Bedworth (F. Mazza -
corrosion' Enciclopedia delta chimica vol. 4, USES Firenze 
1975), the parameter from which the adhesion depends is 
given by 
[Mox]. Pm 
X = 
i.Mm.i'ox 
where [Mox] i s the molecular weight of oxide, Pm. i s the 
densi ty of the metal, n i s the number of atoms of metal i n 
the oxide molecule, [Mm] i s the atomic weight of the metal, 
Pox i s the densi ty of oxide. 
When X < 1, the oxide i s porous, and not p ro t ec t i ve . I f 
X > 1, but not » 1, the l ayer r e s u l t s to be compact and 
well adherent, without any strong s t r e s se s of compression 
t h a t otherwise coiald cause break. In the case of mixed 
i ron oxide, the parameter of P i l l i n g and Bedworth i s 
231.55 X 7.86 
(X)p 0 = 2.086 
^ 3 ^ 4 3 X 55.8 X 5.2 
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and good adherence of oxide is fully demonstrated. In 
addition, the ratio found is very near that of chromium 
oxide, from which the resistance to corrosion of stain-
less steels depends. 
It has been stated (82) on the basis of experience 
acquired in production and of seme systematic investiga-
tion that parts produced with atomized powders show per-
centage variations of weight, porosity and hardness 
greater than those obtained from reduced powders. Small 
amounts of alloying elements added to metal powders compli-
cates the effect of porosity. Thus, any generalization is 
possible in specific alloy system only for a particular 
type of powder and under specific conditions of sintering 
only. 
C H A P T E R 5 
C O N C L U S I O N 
Sintered powder ccmpacts based on PNC have been 
compacted a t 600 MPa pressure and s in te red in hydrogen 
imder laboratory condit ions using slower heating and coo-
l i ng r a t e s while those based on PASC powder compacts 
contain C a lso and lower amount of a l loying elements and 
were s in tered in d issocia ted ammonia under i n d u s t r i a l 
condi t ions . Thus, the conclusions can not be general and 
hence have been divided i n to three pa r t s s imi la r t o the 
r e s u l t s and discussion. 
Par t I : Steam oxidation of s in te red PNC based powder 
compacts 
1. Air oxidation of s in te red ferrous a l loys gives non 
adherent and inhomogenous l aye r . 
2. Steam treatment of PNC, PNC-Cu, PNC-Mo, PNC-MCM, 
FNC-Ni-Cu, PNC-Mo-Cu and PNC-MCM-Cu s in te red compacts 
can be successfully done a t 500*^ C for times varying 
between 30 t o 75 minutes t o seal the surface pores 
and improve the hardness values by 100-200 HV. 
3. In general , weight gain with increasing treatment 
(165) 
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times reaches a constant value. However, the 
va r i a t ion of weight gain with treatment times i s 
parabolic in na ture . 
k. Copper addi t ion t o i ron or PNC powder compacts 
increases the thickness of oxide l aye r . Weight gain 
of the order of 30 to Ao ga i s obtained a f t e r 
treatment times of 30-60 minutes. An increase in 
hardness of 120 Wf i s achieved a f t e r steam oxidation 
for 30 minutes. Variat ion of hardness with treatment 
time reaches a maximum a t about 30 minutes of t r e a t -
ment t imes. Increase in hardness of s in te red PNC-Cu 
compacts appears t o be due t o combined effect of 
oxidation and age hardening. 
5. Molybdenum addit ion t o PNC powder compacts decreases 
the thickness of oxide l aye r . Gain in weight of 
s in tered samples i s of the order of 20-30 gm ^ a f t e r 
treatment times of 60-70 minutes. Hardness inc rea -
ses s ign i f i can t ly and an increase i n hardness of 
around 120 H^ i s obtained a f t e r treatment times of 
30 t o 60 minutes. Such a l a rge increase in hardness 
a lso appears to be due to combined effect of steam 
treatment and age-hardening phen(»iena due t o both 
molybdenum and phosphorus. Hardness reaches a maxi-
mum a f t e r 30 to 60 minutes of steam oxidation time. 
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6. BCM addi t ion in PNC premixes increases weight gain 
of upto 50 gm a f t e r treatment times of 60 minutes. 
In case of lower P-containing compacts the va r i a t i on 
of hardness with steam oxidation times reaches a 
constant value a f t e r treatment times of about 6o 
minutes. However i n higher P-containing compacts, 
hardness in genera l , increases with increasing steam 
oxidation time. Hardness increase of 120 to 180 H7 
i s achieved a f t e r steam oxidation of upto 120 minutes 
l a raC-MCM s in te red ccwpacts. 
7 . The effect of copper on steam oxidation behaviour and 
steam t r e a t e d proper t ies of PNC-Ni-/Mo/MCM sin tered 
compacts i s in general s imi la r t o t h a t i n case of 
p la in i ron or PNC-Cu s in te red compacts. Nickel in 
general produces heterogenosity in s in te red ferrous 
a l loys and gives non-uniform oxidation. 
8. Phosphorus i n s in te red ferrous a l loys i n h i b i t s diffu-
sion path for oxygen and produces r e l a t i v e l y uniform 
and well de f ine^ox ide l aye r . Phosphorus gives r i s e 
t o age-hardening phenomena i n s in tered i ron a l loys 
a t the steam oxidation treatment temperature used 
i . e . 500°C. 
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Par t I I : Sintered proper t ies of PASC powder canpacts 
1. Higher phosphorus content , general ly gives improved 
dens i f ica t ion and mechanical p roper t i es a f t e r s i n -
te r ing of PASC-C-X (X stands for 1 t o 2 % Cu, Ni, 
Mo, MCM or MVM) powder premixes a t 1393 K for 1.8 ks 
i n cracked ammonia. However, improvement in proper-
t i e s are not s ign i f i can t enough t o j u s t i f y the use 
of higher amount of phosphorus i . e . i ^ to 0.8 % 
p a r t i c u l a r l y in view of b r i t t l e phosphide formation, 
2. Higher amount of C, i n general , improves s t rength 
proper t ies but de t e r io ra t e s d u c t i l i t y . Graphite 
loss under the s in te r ing condit ions used in the 
present inves t iga t ion i s more or l e s s constant i . e . 
0.2 i 0.04 y, and i s independent of the a l loy systems. 
Like phosphorus, increased amount of C addi t ion t o 
0.6 % i n PASC-X powder compacts cannot be j u s t i f i e d 
for improvement of mechanical p roper t i e s under the 
s in te r ing conditions used in the present study. 
3. Copper addi t ion t o PASC-C s in te red compacts improves 
s t rength p roper t i e s but de t e r io r a t e s d u c t i l i t y , 
4. Nickel addi t ion upto 2 % , i n g e n e i ^ , gives r i s e 
t o growth i n PASC-C compacts a f t e r s i n t e r i n g . 
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5. Molybdenum, in general, improves densification and 
strength properties but decreases ductility of PASC-C 
sintered compacts. 
6. Both MCM and M?M additions to P-containing sintered 
steels produce growth but improve strength properties 
and reduce ductility. By use of phosphorus, it is 
possible to sinter steels containing MCM and MVM 
powders at lower sintering temperatiire of 1393 K for 
short sintering period of 1.8 ks without much deteri-
ment to mechanical properties. 
7. By addition of 1 to 2 mass % Cu, Ni, Mo, MCM or MVM 
and 0.3 to 0.6 mass •/. C to PASC30 or PASC80 powder 
premixes, it is possible to obtain products with OTS, 
YS and El '/. values of 330 to 650 MPa, 200 to A50 MPa 
and 3 to 12 */ respectively at sintered density of 
7.0 to 7.2 Mg/m^ after sintering at 1393 K for 1.8 ks 
in cracked ammonia atmosphere of dew point 2 ^ K. 
Copper seems to be the best among all the alloying 
elements added for improving mechanical properties. 
Apart from Cu, all the other alloying elements are 
almost of equal value in improving mechanical proper-
ties of PASC30 or PASC80 powder compacts containing 
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0.3 to 0.6 % C under the c<»paction and s in te r ing 
parameters used i n t h i s study. 
Par t III :Steam oxidation of s in tered PASC powder compacts 
1 . Steam treatment of PASC-C-X s in te red powder compacts 
can be successfully done a t 450 t o 600®C for times 
varying between 45 t o 75 minutes t o seal the sxirface 
pores and improve the hardness values by 100-200 HVIO 
depending on al loying elements added. Open channels 
and interconnected pore networks are a l so blocked. 
2 . In general , weight gain with increasing treatment 
times reaches a constant value . However, the v a r i a -
t ion of weight gain with treatment times i s parabolic 
in na ture . 
3. With the addi t ion of P the pores becomes spheroidal . 
Higher amount of P- i . e . 0.8 "/ dissolved in i ron and 
the s t ruc tu re i s s ingle phase f e r r i t i c . Phosphorus 
general ly increases the s i ze of gra ins in s in tered 
ccMBpacts and the gra in s i ze i s not affected by steam 
oxidation i n the temperature range of 450-600°C. 
Higher amount of phosphorus decreases the proportion 
of p e a r l i t e . 
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k. With the addi t ion or increasing amount of C-content 
there i s no effect on steam t rea ted weight gain. 
The hardness achieved fey C-content on s in tered pro-
p e r t i e s i s general ly ca r r ied over in case of steam 
t r ea t ed samples. 
5 . Copper addi t ion to PASC-C compacts increases the 
thickness of oxide l aye r . Weight gain of the order 
of 25 t o 38 gm i s obtained a f t e r treatment times 
of 45 t o 120 minutes a t 450 t o 600°C. An increase 
in hardness of upto 200 EST i s achieved a f t e r steam 
oxidation times of 45-60 minutes, a t 450-600°C. 
Variat ion of hardness with treatment time reaches 
a maximua a t about 60 minutes of treatment t imes. 
6. Nickel addition' t o PASC-C compacts gives a uniform 
and coQipact oxide layer . Increasing the steam oxi-
dat ion time increases the amount of oxidation, and 
the oxide l aye r becomes s l i g h t l y non-uniform. With 
increasing steam oxidation temperature upto 527°C 
the oxide l aye r becomes more xmiform, thick, compact 
_2 
and dense. Weight gain of the order of 16 to 28 gm 
i s obtained a f t e r steam oxidation for 45 t o 120 minute 
a t 450-600°C. An increase in hardness of upto I50 
HVIO i s achieved a f t e r steam oxidation for 45-60 
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minutes a t 450° t o 600°C. Variat ion of hardness 
reaches a maximum a t about 60 minutes of the t r e a t -
ment t imes. 
7. Molybdenum addi t ion t o PASC-C compacts gives a th in 
but uniform oxide l aye r . Increase in oxidation 
period gives increased oxidation both a t the sxirface 
and i n the i n t e r i o r . Increase i n oxidation tempera-
tu re upto 527°C gives r e l a t i v e l y uniform oxide l ayer . 
Weight gain of the order of 18 t o 25 gm i s obtained 
a f t e r steam oxidation for 45 t o 120 minutes a t 450-
600°C. An increase in hardness of upto 180 HVIO i s 
achieved a f t e r steam oxidation for 45-60 minutes 
a t 450-600°C. Variat ion of hardness reaches a maxi-
mum a t about 45-60 minutes of the treatment t imes. 
8. With MCM addit ion to PASC-C compacts there i s cons i -
derable oxidation; oxidation a l so occurs within 
i n t e r i o r of the sample. Increase in oxidation time 
a l so increases the extent of oxidation and makes the 
oxide l aye r non-uniform. Increase in temperature of 
upto 527°C gives uniform struct i i re both i n the matrix 
and the sca le . Weight gain of the order of 30 to 38 
_2 gm i s obtained a f t e r steam oxidation for 45 t o 120 
minutes a t 450-600°C. An increase in hardness of upto 
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195 HVIO i s achieved a f t e r s-';eam oxidation for 
45-60 minutes a t 450-600°G. 
9. MVM addit ion t o PASC-C ccMapacts gives considerable 
oxidation but the oxide l aye r formed a t the surface 
i s non-uniform. Longer oxidation period r e s u l t s 
i n t o increased oxidation and the thickness of oxide 
l ayer increases . Increase in oxidation temperature 
brings about heterogeneity in the s t ruc tu re of the 
matrix as well as oxide l aye r . Weight gain of the 
order of 18 t o 38 gm i s obtained a f te r steam oxi-
dation for 45 to 120 minutes a t 450-600°C. An increase 
in hardness of upto 190 HVIO i s achieved a f t e r steam 
oxidation for 45-60 minutes a t 450-600°C. Varia t ion 
of hardness reaches a maximum a t about 45-60 minutes 
of the treatment t imes. 
10. The steam t rea ted oxide l aye rs are hard, tenaceoiis 
and adherent and do not peel off during grinding 
and pol i sh ing . 
11 . Optimum steam oxidation temperature in respect of 
hardness benef i t , sharpness and uniformity of oxide 
l aye r i s general ly 527°C with occasional va r i a t i on 
to 500 or 550°C. 45 t o 60 minutes of sa tu ra t ion 
17^ ^ 
time is required in majority of steam treatment 
conditions and alloy systems from consideration 
of weight gain and maximum hardness achieved. 
12. By X-ray diffraction studies it is confirmed that 
the principal product formed during steam treatment 
at temperature used was Fe,0^. Copper and phos-
phorus were not oxidized. Some weak peaks corres-
ponding to oxides of Cr and Mn were observed in MCM 
containing compacts. 
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SBGSBSTIW FOR FUTORE WORK 
1. Individual contribution due to precipitation 
hardening and oxidation should be studied for 
Fe-P, Fe-Mo and Fe-Cu sintered conpacts. 
2. Corrosion resistance of steam oxidized parts should 
be evaluated under various atmospheres. 
3. Wear resistance and coefficient of friction of 
steam treated samples should be studied. 
k. Fatigue strength of the steam treated sintered 
ferrous materials should be studied for their use 
in dynamic applications. 
5. Higher magnification under SEM should be used till 
precipitates are observed in case of precipitation 
hardening alloy systems and the precipitates sho\iLd 
be characterized. 
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